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Sir. 



The undersigned, Joseph P. Hammang. hereby declares and states that: 



1. I am currendy working as a sciendst at CytoTherapeutics Inc. in 
Providence, Rhode Island. My Curriculum Vitae is attached hereto. 

2. I am a co-inventor of the captioned appUcation and I have read the 
arguments in the outstanding Official Action, dated December 2nd 1993, wherein 
the Examiner rejected Claims 1-17 under 35 U.S.C. § 101 because evidence has 
not been presented to show that the invention works as claimed. 

3. I have diUgendy performed or supervised experiments that show 
that neural stem ceUs isolated from donor tissue can be proliferated in a culture 
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medium containing a growth factor to produce precursor cells. The precursor 
ceUs can be harvested and transplanted into a myelin-deficient recipient wherein 
the precursor ceUs can differentiate into oligodendrocytes and remyeUnate the 

axons of the recipient 

4. In these experiments. mulU-potentiai EGF-responsive stem cells 
were isolated from the striata of E14-15 rats and mice and propagated in a 
defined, serum-free medium containing 20 ng/ml EOF. Nestin posiUve cells (i.e. 
no mawre oUgodendrocytes) were coUected and triturated into a single cell 
suspension in the presence of 0.1% BSA. This suspension was concentrated to 
50.000 cells/Ml and one microliter of cells was injected into the dorsal columns of 
the T13/L1 region of the spinal cord of myelin deficient rats. Those animals 
transplanted with the mouse stem cells received Cyclosporin A at a dose of 
lOmg/Kg Ip for the duration of the experimcnL 

5. Thirteen or fourteen days after injection, the animals were 
euthanized by perfusion fixation, the spinal cords removed and the tissue 
examined by Hghi and electron microscopy. Patches of myelin were found in the 
dorsal columns of the recipients of both rat and mouse cells, indicating that neural 
stem cells isolated from rat and mouse neural tissue can differentiate into 
oligodendroglia and are capable of myelination in vivo. 

6. The methods described in paragraphs 4 and 5 above are 
substantially the same as those disclosed in Example 2 (p. 17 to 18 of the 
specification) with only minor changes in the procedure (e.g. the rais were 
allowed to survive 2 weeks post-injection rather than 3 weeks; the rats were 
treated with antibiotics post-injection). 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and beUef are beUeved to be 
true: and furtiier that these statements were made with the knowledge that willful 
false statements and the like so made are punishable by fine or imprisonment, or 
both, under 18 U.S.C 1001 and tiiat willful, false statements may jeopardize the 
validity/enforceabiUiy of the application or any patent issued thereon. 
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Curriculum Vitae 



JOSEPH F. HAMMANG 
3 Prospect Street 
Bazrington^ RI 02806 
(401)246-1893 



Principcd Scientittt /Afmc. Dir. Neuro & Molecular Biology) 
May 1993 - Present 

CytoTlierapeutics, Tnc, Providence/ Khode Island 
Scientist - Cune 1992 - May 1993) 

Research Invesiigator I - CNS Cell and Molecular Neurobiology 
Bristol-Myers Squibb Company 

Pharmaceutical Research Ihstitute^Wallingford, Connectiait 
December 1991 - May 1992 

Postdoctoral Fellow - CNS Cell and Molecular Neurobiology 
Bristol-Myers Squibb Company 

Pharmaceutical Research Institute, Wallingford, Cormccticut 
January 1991 - December 1991 

Ph.D. Research Assistant - University of Wisconsin 
School of Veterinary Medidne 

Department of Pathobiological Sciences, Madison, Wisconsin 
January 1988 to January 1991 

Associate Researcher - University of Wisconsin 
School of Veterinary Medidne 
Department of Medical Sdences, Madison, Wisconsin 
March 1987 - January 1988 

Specialist - Life Sdences Research 

University of Wisconsin - School of Veterinary Medicine 
Department of Medical Sdences, Madison, Wisconsin 
May 1983 - March 1987 
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fl ^^trariftn* PhD. - Univeraity at Wiftcniwin - Madison 

Department of Veterinary Science (area of Ncurosdencc) 

Master of Science 'Zooio^ 

June 1983, University of WisconsinOshkosh 

Bachelor of Science 

May 1980, University of Wisconsin-O&hkoAh 
Major Biology with emphasis in Zoology 

Profesftionai 

Honing Recipient of University of Wteconrin-Madiiion 

Academic Staff Professional Development Granta 
Yem 1985/86 and 1986/87 

Teaching 

A4^Ufaii»jthipgt Taught lab and discussion of course entitled Human Biology* - an introductoiy 

biology course with a hmnan perspective for Nursings Psychology, Social Work 
and Physical Education majors. Spring 1982 

Taught lab and discussion of course entitled "Man in the Biosphere^ * Fall 1981 
- an introductory level biology cotuw, ecologically oriented for non-majors« 

ReUted 

Pypgrfgngesi Rcscordt Assistantship in Biology. Worked in electron microscopy lab. School 

year 1980-1981. 

Biology internship with Wisconsin Department of Natural Kesources, 
Oshkosh. Worked as assistant in Warm Water FIsheriea Research Unit. 
Included radio tdcnKrtiy, cartography and fish management techniques* 
Interned 12 weeks. 
Summer of 1980. 



University of Wisconsin-Oshkosh Department of Biology. Worked as lab 
assistant in setting up labs aiui reagent mixing for animal and human 
physiology courses. September 1979 to May 19W}. 

University of Wisconsin-Oshkosh Department of Chemistry. Worked as lab 
preparation assistant. September 1978 to May 1979. 

Umversity of Wisconsin-Fond du Lac Worked as lab preparation assistant in 
Chemistry. September 1977 to August 1978. 

Professional 

Memberships; Sodety for Ncuroscience 

Sigma Xi 
AAAS 

American Sodety for Cell Biology 

ColJrgs - Inducted as assodatc member of Sigma Xi 
Scientific Research Sodety of America, Spring 1983 

President of Iota Phi Chapter of Beta Beta Beta Biological Honor Society 1979- 
1980 

Member of UW-Oshkosh Biology Guh 1978-1982 
Honor roll three semesters UW-0.<ihkoJ5*h 



AcrivUlM= 



Honors and 
ArhlpwTttPnt'i- 
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rnminm\kyt Volunteer fts counsclor for Badgcf Boys Statc j 

Ripon, Wisconsin - June oM97S, 1976 and 1977. 

Volunteer as co*advl9or for environmental and ecology post of Explorer Sonuts, 
Oshkoslv Wisconsin. Conducted tours and field trips - May 1980 to May 1982. 

Workshop leader for "College for Kids" program (Neurobiology), University of 
Wisconsin-Madison, Summers of 1986, 1987, 1988, 1989, and 1990, 

p»<Aarrii fiVilu? Primary neuronal culture preparation; Mammalian cell culture; DNA 
transfection - primary cells and cell lines; Immuno-cytochemislry and 
immunohistodiemis^; Electron microscopy and specimen prepamtion; 
Autoradiography; Hidtological preparations; Q4S microinjection; Western 
blotting; NorUKm blotting; In situ hybridization; Production of rabbit 
polyclonal antiscra; Photomicroscopy and micmgniph preparaHon. 

Reseatch Symposium 
Pwi^ntariftng 

Presented prdiminaiy research for M3. thesis at the IBth annual Lake. 
Superior Biological Conference, September 25-26, 1981 at Marquette, Michigan. 
Title: Ultras tructural anatomy of the urinary bladder of the fteshwater 
teleost, Lota lota (Linnaeus). 

Presented preliminary results of Masters research at the Anvsrican Society of 
Zoologists annual meeting, December 27-^0, 1982 at Louisville, Kentucky. 
Title: Morphology and ultrastructure of the urinaxy bladder of the burbot; Lota 
lota (Linnaeus). 

Presented final results of the M^. thesis research at the American Fisheries 
Society, Wisconsin Chapter meeting, March 11-12, 1983 at the Institute of 
Paper Chemistry in Applcton, Wisconsin. Title: Ultrastructural evidence for 
the physiological function of the urinary bladder of the burbot, Trtfs Inta 
(Linnaeus). 

The nervous system beyond paraffin. LD. Duncan and J J. Hammang. Co- 
presented to the National Histology Society, Region IV Meeting, Milwaukee, 
Wisconsin, Jime 1984. 

The Shaking Pup: A canine central nervous System myelin mutant LD< Duncan, 
J. Hammang, K. Lord, and K. Dyer. Presented to the American College of 
Veterinary Pathologists and the Annual Meeting of the American Society of 
Veterinary Clinical Pathologists. Toronto, Ontario, Canada, November 1984. 

The effect of tellurium on intraspinal axons myelinated by Schwann cells. JJ*. 
Hammang, Presented at the Upper Midwest Peripheral Nerve Meeting, Mayo 
Clinic, Rochester, MN. Novcn\bcr 1984. 

Light microscopic and ultrastructural studies on the equine ttcurrcnt laryngeal 
nerve. I.D. Duncan and J.P. Hammang, UiUversity of Wisconsin-Madison, 
Presented to the Peripheral Nerve Study Group Meeting, September 9-12, 1985, 
Murren, Switzerland. 

Identification of animal cells and cellular stnichires using specialized 
inununocytochcmical techniques. J.P. Hammang. Presented to the Wisconsin 
Histology Society, Madison, Wisconsin, May 1986. 



J.P. HAMMANO CV (l/94)"Page 3 



PPR, 1 '94 9:3aAM CYT^THERPPELfTICS INC. 401 751 9380 P.5 



Presented prdiminaiy FluD. research at the Mouse Molrailar Genetics 
Conference, Cold Spring Haxbor Laboratoiy, Augujit 1988. 

Invited Revicwsi EM. Bactge, JJP. Hammang/ ViC Gribkoff and iCF.Meiri* The role of GAr-43 in 
the molecular regulation oi axon outgrowth and dectrophysiological 
properties. Pcrspeetivea on DevelnpmeTiHl N<>iimKto1ftcy. 1992, 1.(1), p Jtl-2a. 



Referred 



Immortalized ocU lines from taigeted oncogene expression in tnmagenic mice. 
J J, Hammang, E.E Baetge, A. Messing. NgumProtomlii. 1993, a p- 17fi-im. 



Peripheral Neuropathy in two dogs: Correlation between clinical, electrophysiological and 
pathological findings- KJL Dyer, LD, Duncan, J J. Hammang and R.R, Dubiclzig. L of Small Animal 
Practice 1986, 2L 133-146- 

Degenerative changes in rat intraspinal Schwann cells following tellurium intoxication. J^, Hammang, 
LD. Duncan and SJ^^ Cilmons. Ncun>patl>ol. and Appl. NetirobioL 1986, li 359-370. 

Myelin deficient rat: analysis of myelin proteins. K. Yanagisawa, IJD. Duncan, JP, Hammang and 
RJLQuarfes. T.Neumchem., 1986.47, No. 6. 1901-1907. 

Myelin mosaicism in female hctcrozygotcs of the canine shaking pup «md myelin deficient rat mutants. 
LD. Duncan, J J* Hammang and K.F. Jackson. Brain Rrs .. 1 987, 4jQ2, 168-172. 

Node-like axonal underooating in the optic nerve of heterozygous myelin deficient rats. W J. 
Bkkkcmorc, LD. Duncan and JJ*. Hammang. Brain Rga, . 1987, iQl 361-365. 

Ultrastructural observations of organelle accumulations in the equine laryngeal nerve. LD. Duncan and 
JJP. Hammang. T. NeuTOc ytolngy. 1 987, 16, No. 2, 269-280. 

Subclinical entrapment neuropathy of the equine suprascapular nerve. I.D. Duncan, R.K. Schneider and 
J J. Hammang. ACTA Neumpathnl .. 19R7, 74^ 53-61 . 

Abnormal compact myelin in the myelin deficient rat; absence of proleolipid prolein conrcsponds with a 
defect in the intraperiod line. I.D. Duncan, J,F. Hammang and B.D. Trapp. Proc. Nat. Acad, fv'i- 
lUSAL 1987, §4. 6287^291. 

Transplantation of oligodendrocytes and Schwann cells into the spinal cord of the myelin deficient ral. 
LD. Duncan, JJ. Hammang, ICR Jackson, PM. Wood, R.P. Bungc and L Longford. T. Neurfvytf>1f>gy. 
1988, 3_7. 351*360. 

Schwann ceU myclination of the myelin deficient rat spinal cord following x-irradiation. I.D. Duncan 
JJP. Hammang and S.A. C^ilmore. 0\ft. 1 988, L No. 3, 233-239. 

Proliferation of rat intraspinal Schwann cells foUowing tellurium intoxication. JJ. Hammang, S.F. 
Worth, I.D. Duncan and S.A. Gilmore. Acta Neumpathnl .. 1988, Zfi/ 624-627, 

Myclination in the jimpy mouM in the absence of proteolipid protein. I.D. Duncan, JJ». HammanK. S. 
Goda and R.H. Quarlcs. GHa, 1 989, 2, 148-154. ^ 

Hypomyclination in the neonatal rat central and peripheral nervous systems foUowine tellurium 
Si??/^***"" '^•^•'****"'^-'-"*"°'«^5J'.WQrth and LD. Duncan. Acta NerumfviThnl . i^o 7ft 
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Immortalized letmal neurons derived from 5V40 T-antigen-induocd tumors in transgenic mice. J J*. 
Hammang, E£. Baetge, RJL Behringcr^ R.L. Brinstcr, R.D. Falatiter and A* Messing. H£UX]Qn# 1990, 4 
(5), 775-782. 

Neurite ou^wth in PO 2 cells deficient in GAF-43. E*E Baetge and JJ. Hammang. Nniron. 1991, i 
(1), 21*30. 

Immoitalizod retinal ncuroxxs used as immunogen for the generation of cell-specific anlisera. J.F. 
Kammang and A. Messing. Brgin RefwtTrh. 1991 Sg^ 85-94. 

PKcnylcthanolamine N-nnetkyltransferase (PNMD-cxpressing horizontal cells in the rat retina: a 
study employing double-label inunimohistochemistry. J J*. Hammang^ M.C Bohn and A. Messing. ]. 
ComPiNCTTOl-. 199i m 383-389. 

Po promoter directs expression of reporter and toxin genes to Schwann ceUs of transgenic mice. A. 
Messing, R-IL Behringer, J J. Hammang, R.D. P^almitcr^ RX. Brinstcr, and G. Lemke. Neun^. 1992, ^ 
507-520. 

Oncogene expression in retinal horizontal cells of transgenic mice results in a cascade of 
neurodegenerstion. J«P« Hammang, RJL Behringer, E.E. Baetge, R.L. Brinstcr, R.D. Palmitifr and 
AAlcssing. Neuron. 1993, Jfl, p. 1197-1209. 

Development of myelin nu>saicism in the optic nerve of heterozygotes of the X4inked myclin-deflcient 
rat mutant (mJ). LD. Duncan, KJF. Jackson^ J*P. Hammang, D. Marren, R. Hoffman. Developmenia) 
Bi(llfi0^1993, 15L p. 334.347. 

Immortalization of cmbtyonic rat hippocampal cells following infection by an amphotropic retrovirus 
containing the adenoviral El A gene. R,J. Robbins, EJE. Baetge, D.L. Needcls, G. P. Dotto and J.P. 
Hammang, (subnutted). 

The mouse ncurofilamcnt-L promoter confers neuron-specific expression of a fi-galactosidasc reporter 
gene in primaty neuronal and glial cell cultures. JJ. Hammang, CM. Sampson, D.L. Needels and E.E. 
Baetge, (submitted). 

Derivation of adrenergic adrenal chromaffin cell lines from the targeted expression of a PNMT-SV40 
fusion gene JJ^. Hammang ct ah, (in preparation). 

Hypomyelinating peripheral ncuropthies and Schwannomas in transgenic mice expressing SV40 
T-antlgen. A. Messing, R. R. Behringer, L. Wrabetz, J. P. Hammnag, G. Lcmkc, R- D. Palmiter and R. L. 
Brinstcr. I. Ncurosdenoe (1994) (in press). 

ECF-Rcsponsive neural stem cells isolated from rat and mouse brain can fonn myelin followiiAg 
transplantation into the myelin-defident rat CNS. J. Hammang, D. R. Ard\er, aiui 1. D. Duncan 
(1994) (In preparation). 

Polymer encapsulated cells genetically modified to secrete human nerve growth factor promote the 
survival of oxotomized septal cholinergic neurons. S. R. Winn, J, P, Hammang, D, F. Emerich, A. Lee R. 
D, Pabnitcr and E. E. Baetge. 1994, PM AS March. ' 

Delivery of a putative Parkinson's factor (GDNF) into the rat CNS using apolymer-encapsulated cell 
line, J. P. Hammang, D. F. Emerich, S. R. Winn, A. Lcc, M. D. Lindner, M. Schinstine adn E. E. Bactcc. 
(In preparation). ° 

Reduced electrical exdtabiHty of PC 12 cells deficient in GAP-43: oomparis^m with GAP^3-posiiive 
cells. V. K. Gribkoff, J. P, Hammang, and E. E. R actgc, 1994 (submitted). 
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Mutagcnsis of 6Crinc^^ to alxune inhibits the Association of GAr-43 with the membrane skeleton of GAP- 
43* deficient PC12 ^ cells: Effects on cell adhesion, and the composition of netirite cytuskdeton and 
membrane. iC F. Meiri, J« P. Hammang, E* W. Dent, and E. E. Bactgc- J. Cell Biol. 1994 (submitted). 



Pablished 



1. An immunocytochcmical investigation of myelin proteins in the Shaking Pup LD. Duncan, JP 
HammangandB.Tnpp. T. Nwronathol, and Ext>. Neuml,. 1984. 4!^. 328. 

2. The effect of elemental tellurium (To) on rat ii\traspinal Schwann cells. J.F« Hammang, LD. 
Duncan and S A. Gilmore; T. M^wopathoL and Exp, Neuml.. 1965, 332. 

3. Subditucal entrapment neumpathy of the e<pine suprascapular nerve. Jf. Hammang and 
LD. Duncan. T. NeuropathoK and Eyp. N^Hirnl.. 1986. fR. 37^. 

4. Mosaicism in the CNS of the myelin mutants, the shaking pup and the mydin deficient (md) ral. 

LD. Duncan, JJP. Hammangand KJP. Jacksoiu L NcuropathoL and Exp. NcufoL . 1986, ^ 383. 

5. Hctciozygotcs of the shaking pup and myelin deficient (md) rat mutants show 
nu>saidsm in the CNS. LD. Duncan, J J*. Hammang and K.F. Jackson. Abstracts of 2L 
Intcmational Congrgss on Ncuropatholofv. Stockholm, Sweden, September 1986, 

6. Periphcml Tu:uropathy in SV40 transgenic mice; Immunohisto-chenucal studies of myelin 
proteins. A Messing, J J. Hammang^ LD. Duncan, C.A. Pinkert, R.D. Palmiter and R.L. 
Brinster. Society for MctiToscicncc. 1986 Abstracts. 12. p. 264. 

7. Glial cell division in the optic nerve of the myelin deficient rat KJ. Jackson, JJ*. Hammang 
and LD. Duncan. Sodetv for Neurosdence. 1986 Abstracte, 12, p. 1584. 

8. Schwann cell myclination in the myelin-deficient rat spinal cord. LD. Duncan, J J, 
Hanunang and SJl. Gilmore. Society for Neuroscience, 1986 Abstracts^ 12/ p< 160. 

9. Ultras tructural changes in granulowi cells of Chrysemys picta after a single injection of LI I- 
RH. LY. Malunoud, R.V. Cyrus, M.J. Wuller and J J, Hammang. American Zoolog ist, 1986. 
2fi,No.4,3A. 

10. Transplantation of Schwann cells and oligodendrocytes into the spinal cord of Ihc myelin 
deficient rat LD. Duncan JJ. Hammang, K.F. Jackson, L. Langford, P.M. Wood and K.F. Tliinge. 
L NeuropathoL and Exp. Meurol.. 1987, 46, 351. (Honorable mention, Weil Award for best 
research paper.) 

n. Proliferation of intraspinal Schwann cells in tellurium intoxicated rats. J.P, Hamn\ang, LD. 
Dimcan, S.F. Worth and S. A. Gilmore. L Neuropftthol. nnd Exp. NciiroL , 1987^ 46, 357. 

12. Jimpy myelin lacks PLP and has a defect in the intrapenod line. LD. Duncan, J J. Hammax\g 
and K.R Jackson, Society for NeurosriPnr<^. 1987 Abstracts, 13; p. 1 18. 

13. TeUurium-induccd hypcmyelination in the neonatal rat central and peripheral nervous 
systems. J J^. Hammang, S.F, Worth and LD. Duncan. Sodetv for Neurosggncp. 1 987 
Abstracts, 13, p. 698. 
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14. Further observatiozu on the glial cell population of the optic nerve of the myeUn 
deficient rat ICF. Jackson, JT. Haxninang and LD. Duncan. Society for NeurosCTenrf^- 1987 
Abstracts, Hp. 885. 

15. Myelin mosaicism in the optic nerve of the myelin deficient rat heterozygote. LD. Duncan, 
J JJIammang, ICF. Jackson and SJP. Worth. l' MeuropathoL and Exp. NguroL , 1988, 47^ 

p, 384. 

16. Derivation of neuronal cell lines from retinal and adrenal tumors in PNMT-SV40 transgtfiiic 
mice. J J. Hammang, EJL Behringcr, E£. Baetge, R.D. Palmiter, ItL Drinstcr and A. 
Messing. SoHotv far Npurosdaige, 1988 Abstracts, 14, p. 473. 

1 7. Schwann cell-specific gene expression in transgenic mice. A. Messing, RJL Behringer, JJ*. 
Hammang, G. Lcmke, R.L, Brinster and R.D. Palmiter. T. Neuropathol. and Exp. NeuroL , 1989. 
(Weil Award for best research paper.) 

18* An immortaliied line of retinal neurons derived from rNMT-SV40 transgenic mice. J,P, 

Hammang, E.E. Bactgc, RJL Behringer, E J. Sandgren, R,D. Palmiter/ R.L. Brinster and A. 
Messing. Society for Neuroscience. 1989 Abstracts, IS, p. 1396. 

19. PC12 cells devoid of GAP-43 pmtdn synthesize a tnincolcd form of GAP-43 mRNA. E-E. 
Baetge, CM. Sampson and JJ. Hammang. Society for Neumadtmce. 1990 Abstracts, 16, p . 812. 

20. Electrophysiological properties of CAP*43-conlaining and GAP-43-negative PC12 cells 
exposed to NGF. V.IC Gribkoff, E.IL Baetge and J.P. Hammang. Society for Neiirosciemjj 1990 
Abstracts, 16, p. 813. 

21. Distribution of myelin patches in the mosaic optic nerves of the myelin deficient rat 
hctcrozygote. LD. Duncan, J J. Hammang, K.F. Jackson, D. Marten, and C Bda. Society 
forNeurosciepffl . 1990 Abstracts, 16, p, 665. 

22. The C6 glioma cell line expresses the growth-associated protein GAP-43 in a 
dcvclopmcntally regulated fashion, J J. Hammang, A. Messing and E JE. Baetge. Society for 
Ncurpsdcncc. 1990 Abstracts, p. 812. 

23. Transgenic ablation of Schwann cells during development. A. Messing, C. Tx^mkc, R.R. 
Behringer, JJP, Hammang, R.D. Palmiter and R.L, Brinster. Sodety for Nmrnsnmn-. 1990 
Abstracts, 16/ p. 1167. 

24. Altered organization of intemicdiate filament proteins in GAP-43 defident PC12(B) cells. J J. 
Hammang, K.F. Meiri and E.E. Baetge, Sodety for NJriim<;rir'y^^ 1991 Abstracts, 17, p. 1310. 

25. Abnonmal nemite extension in GAP-43 defident PC12 cells stably transfeclcd with mulaled 
(SER41-ALa41)GAP.43. E.E. BaetRe, L.E. Bickerstaff, K.M. Fekenstcln, J J>. Hammang and 
KF. Meiri. Sodety for Ncurosdence. 1991 Abstracts, iZ p. 1309. 

26. Phenylelhanolaminc N-mcthyltransferase-expressing adrenal chromaffin cell lines derived 
from PNMT-SV40 transgenic mice. A. Messing, E.E, Baetge and J J». Hammang. Sociclv 
forNcurosdcnce. 1991 Abstracts, 17, p. 38. 



27. 



Characterization of the mouse neurofilament L (NF-L) promntcr in primary neuronal cell 

cultures. J.P. Hammang, CM. Sampson, D.L.Nccdcls and E.E.Baetee. LCellRinl 1991 
nS(3), Part 2, p. 396a. ^ ^' * * 
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28. TropMc effects of neurotrophixvO on hippocampaln^ D.L.Needel», M M cGuire, 

SJa. Roberts, ICM. Ingalls and JJ* Hammang, Society for NguTOsdgnc?e. 1992 Abstracts, IS, p. 
44. 

29* Trophic effects of ncurotrophin-3 on astrocytes in mixed cell ciiUurcs from fetal rat 

hippocampus. McGuixie, D.L. Needcls, S.B. Roberts, KM Ingttlb and J J*. Hammang. 
Society fnr Netimscience. 1992 Abslrscts, Ig, p, 44. 

30. EGF-^cncratcd mouse striatal neuzospheres express the trk neurotrophin receptor. ]S, 
Wflliams, A. Vescovi, BA. Reynolds, JJP. Hammang, EJE. Daclgc^ and S, Weiss. Society 
forNeOToscicnoc, 1992 Abstracts, IS, p. 217. 

31. GAr-43 is devdopmcn tally regulated in glial Cdls derived from EGF responsive CNS Mem 
cells. J J. Hammang, B A. Reynolds, E.E. Boctgc and S. Weiss. Society for MgumHHpT^^^ 1992 
Abstracts, IS/ p. 217. 

32. Targeted oncogenes in ncurotul and neuroendocrine cells using the PNMT promoter in transgenic 
mice. JJP, Hammang, E JE, Bactge^ind A. Messing. International Society fnr Drvrlhpnrtunl 
Netiroscienoe- June 1992. 

33. Oncogene expression in retinal horizontal cells of transgenic mice results in a cascade of 
ncurodcgcnciation. J J. Hammang, RJL Behringer, E-E. Bactge, R.D, Palmiter, R-L. 
Brinster and A. Messing. Cold Sprin g Harbor Laboratory. Mouse Molecular Conotips, August 
1992. 

34. Transplantation of encapsulated FC12 cells into non-human primate brain. B. R. Ftydd, M. J. 
Banks, V. Hovanesian, S. R. Winn, S. D. Sherman, D. F. Emcrich, P. E McDermott, B. J. Dean, 
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DECLARATION 



1. JOSEPH P, HAMMANG, hereby declare and state as follows: 

L I am one of the named co-inventors of the above-identified application. 

2. I received my B.S. and M.S. (Zoology) degrees firom the University of Wisconsin, 
Oshkosh, Wisconsin in 1980 and 1982, respectively. I received my Ph.D. (Neuroscience) firom 
the University of Wisconsin, Madison, Wisconsin in 1990. I am currently employed at 
CytoTherapeutics, Inc., a licensee of certain rights in this invention. I have been working in the 
field of cell and molecular neurobiology and with myelin mutant animals since 1982, and 
working with neural stem ceils since 1991 . 

3. I have read the above-identified patent application, and am aware of the Examiner's 
August 19, 1997 Office Action. I understand that the pending claims are 16-18, 32-34, 36-46, 
48-56 and 58-63. 



4. I understand that the Examiner has rejected claims 16-18, 32-34, 36-46, 48-56, and 58-63 
under 35 U.S.C. § 1 12, first paragraph, contending that the specification is not enabling for 
remyelination. In particular, I understand that the Examiner contends that "[fjoraiing patches of 
myelin are different than forming myelin around the axon . . . which imphes that the myelin 
sheath has been reformed/* I also understand that the Examiner contends that "[a]pplicants have 
failed to disclose evidence that the injection of neural cells into any and all demyelinated axons 
would comprise any type of treatment for any and all types of demyelination." I further 
understand that the Examiner further contends that the specification "fails to disclose guidance 
relating to the amount of cells to inject, the site of injection, longevity of cellular existence, and 
longevity of myelin expression." 

5, I also understand that the Examiner has rejected claim 16 under 35 U.S.C. § 1 12, first 
paragraph, contending that the recitation that the cells have not been treated with serum in vivo is 
not enabled since serum is a natural constituent of blood. Applicants' attorneys have informed 
me that the in vivo recitation was a typographical error, and was intended to read "/w vitro'' - 
accordingly, I have not discussed this further, as I understand it has been amended in the 
accompanying response. 

6- I understand that the Examiner has rejected claims 40 and 41 under 35 U.S.C. § 1 12, first 
paragraph, contending that "the specification is not enabling for remyelination of neurons in 
primates and/or humans." 



7. I also understand that the Examiner has maintained her rejection of claims 16 and 18, 34, 
36-43, 45, 46, 48-53, 55, 56 and 58-63 under 35 U.S.C. § 103, contending that those claims are 
obvious over Bovles taken with Hunten Gage, and Masters . 

8. I further understand that the Examiner has maintained the rejection of claims 17, 32, 33, 
44 and 54 under 35 U.S.C. § 103, contending that the claims are unpatentable over Bovles taken 
with Hunter, Gage, and Masters, in further view of Morrison . 

9. I make this declaration to rebut the Examiner's rejections, and to report results obtained 
by workers under my supervision or by collaborators at my request. 

The 35 U.S.C. S 1 12. first paragraph rejections 

10. The Examiner has rejected claims 16-18, 32-34, 36-46, 48-56, and 58-63 under 35 U.S.C. 
§ 112, first paragraph, contending that the specification is not enabling for remyelination. In 
particular, I understand that the Examiner contends that "[fjorming patches of myelin are 
different than forming myelin around the axon . . . which implies that the myelin sheath has been 
reforaied," (Office Action, p. 2, emphasis added). I also understand that the Examiner contends 
that "[a]pplicants have failed to disclose evidence that the injection of neural cells into any and 
all demyelinated axons would comprise any type of treatment for any and all types of 
demyelination." I further understand that the Examiner further contends that the specification 
**fails to disclose guidance relating to the amount of cells to inject, the site of injection, longevity 
of cellular existence, and longevity of myelin expression." 
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11. As I understand the Examiner's comments regarding "patches of myelin", I believe that 
the Examiner is referring to the data presented in Example 15, which states that "[p]atches of 
myelin were found in the dorsal columns of the recipients of both rat and mouse cells, indicating 
that neural stem cells isolated from rat and mouse neural tissue can differentiate into 
oligodendroglia and are capable of myelination in vivo'' Spec, p. 69, lines 22-25. 

12, I would like to clarify the data reported in Example 15. That example demonstrated that 
transplanted proliferating neurospheres (clusters of cells containing neural stem cells) 
appropriately differentiate into oligodendrocytes when implanted into a myelin deficient 
environment. That experiment also demonstrated that upon differentiation, those neural stem 
cell-derived oligodendrocytes actually produced myelin in vivo. Most importantly, the patches of 
myelin that we observed were in fact patches of appropriately myelinated axons with myelin 
sheaths wrapped around them - as called for in the pending claims. 

13, We have performed additional experiments in both small and large mammal models of 
myelin deficiency. Our data further demonstrate that neural stem cell derived-oligodendrocytes 
do not just form aberrant myelin-like structures, but, in fact, form myelin around the axon, 
definitively shown by electron microscopy. This data directly addresses the Examiner's 
rejection. 

Rodent Stem Cell Transplantation 

14, In one series of experiments, we transplanted undifferentiated rat or mouse neural stem 
cell progeny into the spinal cord of a central nervous system ("CNS") myelin mutant, the myelin- 



deficient ("/w^i") rat. The md rat is characterized by a failure of development and early death of 
oligodendrocytes. The md rat CNS is virtually devoid of myelin. We sought to determine 
whether these neural stem cell progeny were capable of differentiating in vivo into 
oligodendrocytes and myelinating axons. This work is published in Hammang et al., 
"Myelination Following Transplantation of EGF-Responsive Neural Stem Cells into a Myelin- 
Deficient Environment", Exp. Neurol., 147, pp. 84-95 (1997) (copy attached as Ex. 1 hereto). 

15, Briefly, we first prepared neural stem cell cultures from wild type E14-15 Sprague- 
Dawley rats or BalbC mice, as described in the specification. See, e.g.. Example 1 and Example 
4, p. 55, lines 1 1-18; p. 56, lines 19-30. These cultures were passaged once per week for up to 25 
passages, as described in the specification. See, e.g., Example 6, p. 57, line 19 - p. 58, line 3. 

16. For implantation, nestin-positive neurosphere clusters (with no detectable 
oligodendrocytes) were harvested, triturated into a single cell suspension and concentrated to 
about 50,000 cells/^il. Transplantation of the neural stem cell suspension was substantially as 
outlined in Example 15 of the specification. Recipient md rats were anaesthetized, and a 
laminectomy was performed to expose the T13-L1 level of the spinal cord. About 1 |il (i.e., 
about 50,000 cells) of the neural stem cell suspension was injected into the dorsal columns lateral 
to the midline. Animals were sacrificed about 12-14 days after the transplants. Ex. 1, p. 86, left 
column. 

17. The transplanted stem cell progeny formed myelin in vivo. Visualization of intact spinal 
cords revealed that myelination was evident over 3 mm rostral to caudal in some cases. 
Toluidine blue-stained transverse sections of spinal cords two weeks after transplantation 
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revealed extensive areas of myelin within the dorsal columns. See, Ex. 1, p. 89 left column. 
Figs. 2A-D. In some of the implanted animals, myelinated fibers were seen throughout the 
dorsal colunms extending as deeply as the margin of the corticospinal tracts (Ex. 1; p. 89 left 
column. Fig. 2E). 

18. We also examined the ultrastructural characteristics of the md rat spinal cords that had 
received stem cell progeny implants. Numerous mature oligodendrocytes were seen elaborating 
myelin sheaths around the md axons. It is important to note that such oligodendrocytes and 
myelin sheaths are not seen in the uninjected md rat or away fi-om the transplant site. Ex. 1, p. 
90, left colunm. Formation of myelin sheaths aroimd axons in these animals was only seen after 
transplantation of neural stem cell cultures according to the claimed invention. 

19. Importantly, Panel A and Panel B of Ex. 1, Fig. 5 shows electron micrographs of 
nonmyelinated axons away from the transplant site in the md rat (Panel A) compared to a 
transplanted area in which the majority of axons are myelinated, with myelin fomied around the 
axon. This myelination was of normal compaction, possessing both major and minor dense lines. 
Ex. 1, p. 90. No ectopic neurons or evidence of gliosis was observed. 

20. We concluded that undifferentiated, nestin-positive neurosphere cultures which lacked 
expression of glial markers prior to transplantation, upon transplantation into a myelin-deficient 
envirorunent, gave rise to mature myelin-producing oligodendrocytes capable of ensheathing 
multiple axons with apparently ultrastructurally normal myelin. Both rat and mouse stem cell 
cultures reproducibly produced this result. 
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21. These in vivo results were unexpected in view of the in vitro results obtained with the rat 
and mouse stem cell cultures. When induced to proliferate in vitro, the majority of the cells in 
the neurosphere cultures form astrocytes. Ex. 1, p. 89, right column. Because of this finding, it 
was possible that astrogliosis would occur in vivo. As noted above, we did not see any such 
gUosis - to the contrary, our data suggest that in this myelin-deficient environment, there was 
appropriate oligodendrocyte differentiation, as well as formation of ultrastructuraliy normal 
myelin, of normal compaction, possessing both major and minor dense lines. Ex. 1, p. 90, right 
column. 

Canine Stem Cell Transplantation 

22. In a second series of experiments, my collaborators isolated and characterized canine 
neurospheres (cultures containing neural stem cell progeny). Undifferentiated canine neural stem 
cell progeny were then transplanted into the spinal cord of another myelin mutant, the shaking 
("5/2") pup, as well as the Cmcf") rat. The sh pup model, like the md rat model, arises from an 
exonic point mutation in the proteolipid protein gene. The mutation arose spontaneously in a 
colony of Welsh springer spaniels and causes severe tremor from about 12 days after birth. The 
central nervous system ("CNS") is severely hypomyelinated, with reduced numbers of normal, 
mature oligodendrocytes. These experiments sought to determine whether canine neural stem 
cell progeny were capable of differentiating in vivo into oligodendrocytes and forming myelin 
around axons after transplantation. This work is published in Milward et al., "Isolation and 
Transplantation of Multipotential Populations of Epidermal Growth Factor-Responsive, Neural 
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Progenitor Cells from the Canine Brain", J. Neurosci. Res., 50, pp. 862-71 (1997) (copy attached 
as Ex. 2 hereto). 

23. Canine neural stem cell cultures were prepared from wild type embryonic day 40 to post- 
natal day 8 donor pups, substantially according to the methodology described in the specification 
for murine stem cell cultures. See, e.g., spec. p. 55, lines 1 1-18; p. 56, lines 19-30, and Ex. 2, p. 
863. These cultures were expanded in vitro for at least 6 months, according to the methodology 
described in the specification. See, e.g., spec, p. 57, line 19 - p. 58, line 3, and Ex. 2, p. 865. 

24. Populations of proliferative canine neurospheres were transduced to express lac Z (as a 
marker). Ex. 2, p. 863, right column. 

25. The transduced canine neurospheres were transplanted into the spinal cords of a postnatal 
14 day and an adult (7 months) sh pup. Transduced donor cells had undergone 3 and 9 passages, 
respectively, prior to transplant. Recipient pups were anaesthetized, and a laminectomy was 
performed at thoracic and lumbar sites T13-L1, Ll-2, and L2-3. The canine neural stem cell 
suspension (at a concentration substantially as outlined in the specification. Example 15) was 
slowly injected into the spinal cords using a micromanipulator and Hamilton syringe. Ex. 2, p. 
864, right column. The postnatal pup was sacrificed at 6 weeks and the adult pup at 2 weeks 
after transplant. 

26. After X-Gal staining, transverse sections of the sh spinal cord in the regions of the 
injection sites revealed distinct blue clusters (indicating remyelination) at the site of 
implantation. Blue staining was also observed in the lateral and ventral colunms and gray matter, 
suggesting migration of implanted cells. Light microscopy of the tissue sections clearly 
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demonstrated /acZ-expressing cells in association with those areas containing myelin. See, Ex. 
2, p. 868, right colunm. Microscopy also confirmed that the grafted cells had integrated 
normally into the adult sh pup cytoarchitecture. See, Ex. 2, p. 867, right column. 
27. Canine neurospheres (transduced to express lac Z) were also transplanted into the dorsal 
columns of spinal cords of 7 day postnatal md rats at the thoracic-lumbar (T13-L1) junction. At 
11 days posttransplant, blue X-gal reaction product was observed spread up to 6 mm along the 
dorsal midline of at least three transplant recipients in each of two separate experiments. 
Transverse sections of recipient spinal cords revealed grafted cells in the dorsal columns in areas 
containing myelinated axons. Ex. 2, p. 868. As I noted above, the md rat CNS is normally 
virtually devoid of myelin. Strikingly, a grafted progeny cell with a long cytoplasmic process in 
contact with a myelinated axon was observed. Ex. 2, p. 868 and Fig. IM. 

28. This data from the canine neurosphere transplants shows that neural stem cell progeny 
grafts can survive at least 6 weeks in postnatal and at least 2 weeks in adult sh pup recipients 
(allogeneic). The data also demonstrate that the neural stem cell progeny grafts can myelinate 
axons under xenograft conditions, as seen in the md rat transplants, 

29. The foregoing data, in my opinion, demonstrate that manunalian neural stem cell cultures 
are capable of remyelination of axons in both small manunal and large mammal myelin- 
deficiency models. 

30. I note that the transplantation protocol followed for these experiments was substantially 
identical to that detailed in the specification (p. 68, line 16 - p. 70, line 7), which provides 
specific guidance as to the cell suspension concentration, the cell numbers used for these 
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transplants, and the site of injection. Further, in my opinion, given the comprehensive 
specification, and its specific guidance, the ordinarily skilled artisan with specification in hand, 
has more than sufficient teaching to transplant neural stem cell cultures into a variety of 
mammalian species, including humans, for remyelination without undue experimentation. 
3 1 . The Examiner has questioned whether inj ection of neural cells into certain non- 
myelinated axons is usefiil as a treatment for "any and all" types of myelin-deficiency disorders. 
I do not think that this concern addresses the claimed invention. Rather, it appears that the 
Examiner's concern as to the type of myelin-deficiency disorder focuses on the cause for the 
myelin-deficiency. The cause of the myelin-deficiency, while interesting for developing 
prophylactic therapies, is not relevant in this invention. This invention seeks to remyelinate non- 
myelinated axons regardless of the cause of their myelin-deficiency. I note that the claims recite 
a method of providing neural stem cell progeny to form myelin aroxmd the axon of a neuron. We 
(or our collaborators at our direction) have unequivocally demonstrated that upon transplantation 
of neural stem cell progeny, myelin does in fact form aroimd the axon of neurons - exactly as 
recited in the pending claims. 

32. I should further note that the remyelination we have observed according to the claimed 
invention was not abnormal - to the contrary, we observed ultrastructurally noraial myelin, of 
normal compaction, possessing both major and minor dense lines, formed fiiUy around multiple 
axons. This is an important result, since foraiation of an appropriate myelin sheath is believed 
necessary for achieving the nerve conduction velocities found in wild type animals. I have 
attached as Ex. 3 a copy of a paper entitled "Transplantation of Glial Cells Enhances Action 
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Potential Conduction of Amyelinated Spinal Cord Axons in the Myelin-deficient Rat", Proc. Natl 
Acad. Sci USA, 91, pp. 53-57 (1994) published by Dr. Ian Duncan's group (our collaborator in 
the md rat and sh pup studies described above). Dr. Duncan's paper demonstrates that axons 
remyelinated by transplanted cells do not have impaired frequency-response properties, and that 
cell-transplant-remyelinated axons exhibit conduction velocities approaching normal values. 

Primate/Human Neurosphere Cultures 

33. I understand that the Examiner has rejected claims 40 and 41 under 35 U.S.C. § 1 12, first 
paragraph, contending that "the specification is not enabling for remyelination of neurons in 
primates and/or hmnans." As I understand the Examiner's rejection, it focuses on remyelination 
of neurons in recipient primates and/or humans. I believe that the Examiner's rejection is 
improper, as it appears that the Examiner has misunderstood the subject matter recited in claims 
40 and 41 . Those claims recite that the source of the manmialian neural tissue (containing neural 
stem cells) be derived from primates and/or humans - not that the recipient be a primate or 
human. There is no question that the specification provides more than adequate guidance to 
isolate and culture primate and human neural stem cell cultures from primate or human neural 
tissue. Example 10 (p. 64, line 14 - p. 65, line 7) refers specifically to isolation of primate 
neurosphere cultures from adult Rhesus monkey neural tissue, and Example 9 (p. 62, line 1 1 - p. 
64, line 12), Example 1 1 (p. 62, line 1 1 - p. 64, line 12) and Example 14 (p. 67, line 27 - p. 68, 
line 15) refer specifically to isolation of human neurosphere cultures from human neural tissue. 
This is precisely what is recited in claims 40 and 41. 



11 



34. Additional work using human cell counterparts to the foregoing rodent and canine 
neurosphere cell cultures has been published in Cattaneo et al, "Non-Virally Mediated Gene 
Transfer Into Human Central Nervous System Precursor Cells", MoL Brain Res.. 42, pp. 161-66 
(1996) (copy attached as Ex. 4 hereto). These multipotent human cell cultures have been serially 
subcultured and expanded for several years in serum-free growth mediiun containing epidermal 
growth factor (EGF), and, like their rodent and canine homologues, grow in suspension forming 
"neurosphere'* aggregates of variable sizes. Also like their rodent and canine homologues, the 
human neurosphere cultures are capable of differentiating into neurons and glia (including 
oligodendrocytes) upon removal of the growth factor mitogen from the culture medium. It is 
also my opinion that, since the mechanism of myelination in mammals is thought to be 
substantially the same from species to species, demonstration of remyelination in the rodent and 
canine models is reasonably predictive for other mammalian species, including primates and 
humans. 

35. Accordingly for the reasons I have discussed above, I believe that the ordinarily skilled 
artisan with the specification in hand could practice the claimed invention to form myelin around 
an axon using manmialian neural stem cell progeny, without undue experimentation. 

TheS 103 rejections 

36. I understand that the Examiner has rejected claims 16 and 1 8, 34, 36-43, 45, 46, 48-53, 
55, 56 and 58-63 under 35 U.S.C. § 103(a) over Bovles taken with Hunter. Gage, and Masters . 

I understand that the Examiner has maintained the rejection of claims 17, 32, 33, 44 and 54 under 
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35 U.S.C. § 103, contending that the claims are unpatentable over Bovles taken with Hunter, 
Gage, and Masters, in further view of Morrison . 

37. Bovles is not relevant here - it does not refer to any neural stem cell cultures, or their use 
for remyelination. Bovles refers to accumulation of certain apolipoproteins in the regenerating 
and remyelinating manmialian peripheral nerve. The Examiner is correct in stating that it was 
known in the prior art that "oligodendrocytes play a pivotal role in the remyelination process". I, 
however, disagree with the Examiner's statement that "one of skill in the art would have been 
motivated to transplant cells capable of differentiating into oligodendrocytes". I disagree for 
several reasons. First, Bovles does not say one word about transplanting any cells, never mind 
neural stem cell progeny. Second, Bovles certainly does not teach or suggest the surprising 
results obtained according to this invention - namely that transplanting neural stem cell progeny 
into a myelin-deficient environment resulted in a preferential, and appropriately compensatory, 
differentiation along the oligodendrocyte lineage and production by those oligodendrocytes of 
ultrastructurally normal myelin. In fact, the myelin was of normal compaction, possessing both 
major and minor dense lines, formed fully around multiple axons, with no observable ectopic 
neuron production or evidence of gliosis (abundance of astrocytes or hypertrophied astrocyte 
processes). 

38. Hunter does not remedy the deficiencies of Bovles or the other cited art. Hunter's cells 
are not multipotent as required by the pending claims; rather they are bipotent glial precursors 
committed to becoming astrocytes or oligodendrocytes. Hunter's cells lack one of the main 
advantages of the claimed invention - they caimot be cultured and expanded in serum free 
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medium in vitro to provide an adequate tissue source suitable for transplantation. As the 
Examiner notes. Hunter makes clear that the bipotent glial cells require live conditioning cells for 
survival. This raises tremendous regulatory concerns for transplants into humans because of the 
uncharacterized nature of conditioning medium (produced by the live conditioning cells). It also 
raises serious cell culture development concems. Those concerns are avoided using the present 
invention. 

39. And Hunter, alone or in combination with the other cited art, does not teach or suggest 
the surprising results obtained here; that the claimed invention results in appropriate 
oligodendrocyte formation, and production of ultrastructurally normal myelin, of normal 
compaction, formed fully around multiple axons, with no observable gliosis. 

40. Gage is not relevant, does not teach or suggest the claimed invention, and does not cure 
the deficiencies of Bovles and Hunter or the other cited art. Gage refers to transplantation of 
genetically-modified cells. There is no requirement in the pending claims that the cells be 
genetically-modified in any way. All the experiments reported here relating to remyelination 
were performed with genetically unmodified cells - something not possible according to Gage. 
Nor does Gage refer to any multipotent neural stem cells or their progeny, as required by the 
instant claims. Finally, Gage, like the other cited art, simply does not teach or suggest the 
surprising results obtained here; appropriate oligodendrocyte formation and remyelination with 
ultrastructurally normal myelin, of nomial compaction, formed fiilly around multiple axons, with 
no observable gliosis. 
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41 . Similarly, Masters does not teach or suggest the claimed invention, alone or in 
combination with the other cited art. Masters refers to an in vitro culture system to induce 
bipotent glial progenitor cells to differentiate into oligodendrocytes. Masters does not say one 
single word about multipotent neural stem cell cultures and their progeny. Masters does not say 
one word about use of such cultures to remyelinate axons. And Masters, alone or in combination 
with the other cited art, does not teach or suggest the unexpected results obtained here - that 
transplanting neural stem cell progeny into a myelin-deficient environment resulted in 
appropriate oligodendrocyte differentiation, with production of ultrastructurally normal myelin, 
of noraial compaction, formed fully around multiple axons, with no observable gliosis. In fact, 
in my opinion. Masters directs the ordinarily skilled artisan away from this invention and the 
unexpected results here, since Masters teaches a culture system for differentiating bipotent ceils 
in vitro. 

42. Finally, Morrison too is irrelevant. Morrison refers to use of epidermal growth factor 
("EGF") as an elongation factor and maintenance factor for primary telencephalic neuron 
cultures derived from neonatal rat brain. Morrison does not say one word about neural stem cell 
cultures, and certainly not their use for remyelination, as recited in the pending claims. Nor does 
Morrison say one word about the surprising results obtained here; i.e., appropriate 
oligodendrocyte formation and remyelination with ultrastructurally normal myelin, of normal 
compaction, formed ftilly around multiple axons, with no observable gUosis. Accordingly, 
Morrison, taken alone or in combination with the other cited art, does not teach or suggest the 
claimed methods of remyelination. 
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43. The Examiner's comments relating to "a single definitive role for EGF" are not germane 
to the patentabiUty of the pending method claims. Morrison's discussion of certain trophic 
effects of EGF on primary cultures of differentiated neurons has no bearing on its use as a 
mitogen for multipotent neural stem cell cultures, as described throughout the specification, and 
in the experiments described above. Importantly, Morrison says nothing about the claimed 
method of remyelination using neural stem cell cultures and the unique finding that 
remyelination according to the claimed method is ultrastructurally normal. Morrison, taken 
alone or in combination with the other cited art, simply does not lead the ordinarily skilled 
artisan to the claimed remyelination method. 

44. For the foregoing reasons, I believe that the claims are patentable over the art that the 
Examiner has cited. 

45. I further declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001, Title 18, United States Code, 
and that willful false statements may jeopardize the validity of this application and any patent 
issuing therefrom. 



Signed at Lincoln, Rhode Island 
this //_ day of February, 1998 
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ture, and transplantation. These traditional 
tools of embryologists have been signifi- 
cantly improved by the recent incorpora- 
tion of advanced molecular methods. Fate 
mapping of neuronal precursors in verte- 
brates points to the existence of multipo- 
tential cells that are precursors to both neu- 



Stem Cells in the Central 
Nervous System 

Ronald McKay 

In the vertebrate central nervous system, multipotential cells have been identified in vitro 
and in vivo. Defined mitogens cause the proliferation of multipotential cells in vitro, the 
magnitude of which is sufficient to account for the number of cells in the brain. Factors that 
control the differentiation of fetal stem cells to neurons and glia have been defined in vitro, 
and multipotential cells with similar signaling logic can be cultured from the adult central 
nervous system. Transplanting cells to new sites emphasizes that neuroepithelial cells have 
the potential to integrate into many brain regions. These results focus attention on how 
information in external stimuli is translated into the number and types of differentiated cells 
in the brain. The development of therapies for the reconstruction of the diseased or injured 
brain will be guided by our understanding of the origin and stability of cell type in the central 
nervous system. 
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Fig, 1. A transgenic mid-gestation mouse fetus 
showing the expression (blue) in CNS stem cells of 
a reporter gene under control of 750 base pairs of 
the second intron of the nestin gene. The ap- 
proach is described in detail in (9). 



rons and glia (1). However, this approach 
does not necessarily reveal the full prolifer- 
ation and differentiation capability of the 
cells. In vitro and in vivo manipulations 
must be used to test the developmental 
potential of a cell. Tissue culture and trans- 
plant techniques, developed in vertebrate 
systems (2), have generated important data 
on the potential of neural cells (3). 

Defining a Stem Cell 

To be considered a stem cell in the CNS, a 
cell must have the potential to differentiate 
into neurons, astrocytes, and oligodendro- 
cytes and to self-renew sufficiently to pro- 
vide the numbers of cells in the brain. The 
term "progenitor" refers to a cell with a 
more restricted potential than a stem cell. 
"Precursor" is a less stringent term that 
refers to any cell that is earlier in a devel- 
opmental pathway than another. 

The complete cellular lineage of the 
nematode Caenorhabditis ekgans has been 
described (4) and is an influential instance 
of the power of morphological analysis to 
define precursor-product relations in vivo. 
However, in the CNS of mammals, there 
are too many cells for each to be followed 
individually. The problem is similar to the 
technical difficulties biochemists faced in 
defining metabolic pathways. Without ac- 
cess to pure precursor, it was difficult to 
establish the catalytic step actually per- 
formed by a given enzyme. When this hur- 
dle was overcome, it was recognized that 
enzymes perform discrete chemical steps, 
ultimately giving rise to the important con- 
cept of one gene- one enzyme (5). Similar- 
ly, to understand the developing brain, we 
need to purify the precursor cell types and 
define their transitions into differentiated 
progeny. Early work revealed that fetal cells 
removed from the developing brain and 
placed in vitro could give rise to differenti- 
ated neurons (6). For the most part, these 
neurons were derived from cells that did not 
divide in tissue culture, although cells that 




Fig. 2. The differentiation of adult GNS stem cell : 
clones: (A) neurons (blue) and s^trocytes (red); ;(B) ; 
oligodendrocytes; i ;(blue) ; ; and ; astrocytes ■ (red); : 
Scale; bars:; 25; \irr\.\ (C) ;The proportipn; of cells; of ; 
different types in fetal stem icell clones:: (•): neu- : 
rons;: (O) astrocytes, and (+) oligodendrocytes.': 
The proportion of neurons that differentiates in a 
clone Is constant, independent of clone size. :The : 
same proportion of neurons differentiates in adult 
and fetal stem cell clones. Data taken from (20). 

did divide could acquire some features of 
immature neurons (7). 

The intermediate filament nestin is a 
major cytoskeletal protein in neuronal pre- 
cursors in the mammalian CNS (8). Nestin 
is first detected at the earliest steps in neu- 
ral plate induction (9), and most cells in the 
neuroepithelium are nestin-positive before 
neurogenesis (10) (Fig. I). Coincident with 
their exit from the cell cycle, neurons 
down-regulate nestin and express distinct 
intermediate filaments. This transition has 
also been observed in vitro where precursor 
cells proliferate and differentiate into neu- 
rons (;]-J6) and glia (17). 

Confirming the results of in vivo fate 
mapping, lineage experiments in vitro show 
that neurons and glia can be derived from a 
common fetal precursor cell (J 2, J3, J5, 




J 6, 18-20) (Fig. 2). The adult nervous sys- 
tem also contains multipotential precursors 
for neurons, astrocytes, and oligodendro- 
cytes {i3, 16, 18-20). Cultured cells from 
both the fetal and adult CNS that have 
proliferated in vitro can differentiate to 
show morphological and electrophysiologi- 
cal features characteristic of neurons: regen- 
erative action potentials and synaptic struc- 
tures (16, 21) (Fig. 3). These data show the 
multipotential nature of cells derived from 
the CNS. 

Quantitative studies have established 
the homogeneity and stability of multipo- 
tent cells derived from the fetal brain (20). 
In vitro these cells divide daily and effi- 
ciently generate neurons and glia for at least 
the first month of culture. These multipo- 
tent cells proliferate sufficiently in vitro to 




Fig. 3. Neuronal differentiation of CNS stem cells derived from the embryonic day-16 hippocampus. 
Cells were expanded for 16 days in the presence of bPGF followed by 21 days of differentiation in the 
presence of BDNF (20 ng/ml). (A) Staining with antibody to synapsin (green), (B) staining with antibody 
to MAP2, and (C) the two images superimposed. Synapsin is concentrated In presynaptic terminals, and 
MAP2, in dendrites. The culture and staining conditions are similar to those reported in (2)). 
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account for the large numbers of cells 
present in the mammalian brain at birth 
{10), These cells can be considered to be 
stem cells because they fulfill the criteria of 
multipotency and self-renewal. Asymmetric 
division, which is sometimes considered to 
be a property of stem cells (2) and may 
actually occur in the neuroepithelium (22), 
does not appear to he necessary in cultured 
CMS stem cells (20). 

Response Mechanisms and 
Transitions in Vitro 

The extraordinary diversity of the adult ver- 
tebrate nervous system is generated from a 
sheet of epithelial cells over a period of 
several days. Precise numbers of neurons, 
astrocytes, and oligodendrocytes differenti- 
ate in successive waves. The spinal cord, 
formed from the caudal region of the neural 
tube, is one of the first sites of neuronal 
differentiation. Basic fibroblast growth fac- 
tor (bFGF) is one mechanism that defines 
rostro-caudal identity in the neural tube 
(23). Neuronal differentiation in the dorso- 
ventral axis is a response of uncommitted 
cells to successive extracellular signals (24). 
Sonic hedgehog and members of the trans- 
forming growth factor-3 (TGF-3) family 
influence ventral and dorsal features of de- 
velopment in the caudal neural tube. These 
signals are used in several cellular contexts. 
For example, members of the TGF-p family 
influence segment-specific apoptosis in the 
neuroepithelium (25), astrocyte maturation 
(26), the differentiation of peripheral ner- 
vous system stem cells (27), and dorso- 
ventral differentiation in the CNS (24). 
These diverse effects emphasize that the 
action of extracellular ligands depends on 
the integration of multiple signals by a spe- 
cific responding cell. 

Cell-autonomous mechanisms may also 
contribute to the generation of cell types in 
the nervous system. In the hematopoietic 
system, cell-autonomous stochastic process- 
es are thought to generate all of the mature 
cell types, and the specificity of differenti- 
ation is a consequence of selective mecha- 
nisms (28). In such a system, specificity is 
obtained as a consequence of signals acting 
selectively only after the events that gener- 
ate the different cell types. There is clear 
evidence for cell death in the neural tube 

(29) and growing knowledge of extra- and 
intracellular signals that mediate cell death 

(30) . The high rates of apoptosis during 
neural development are consistent with an 
important role for selective mechanisms in 
the CNS. 

Instructive mechanisms also occur in 
both the peripheral (PNS) and central ner- 
vous systems. Glial growth factor, a member 
of the heregulin-neuregulin class of factors, 



acts iristructively on PNS stem cells to di- 
rect them to a Schwann cell fate (31), Bone 
morphogenetic proteir\s (BMP) 2 and 4 
stimulate neurogenesis, and TGF-PI gener- 
ates smooth-muscle cells from the PNS 
stem cell (27). In the CNS, ciliary neuro- 
trophic factor (CNTF) acts instructively on 
the multipotential stem cell, directing it to 
a committed astrocytic fate (20), 

It has previously been shown that CNTF 
induces astrocytic differentiation in 02-A 
cells (32). In vitro, CNS stem cells rapidly 
and efficiently differentiate into astrocytes 
in the presence of CNTF (20). CNTF is not 
a mitogen for these cells, and a transient 
exposure (48 hours) to CNTF, even in the 
presence of mitogen, switches the differen- 
tiated state of more than 98% of the un- 
committed stem cells. These data suggest 
that, in the absence of significant cell 
death, stimulating the Jak-stat system (the 
effector of CNTF) instructs the stem cell to 
become an astrocyte. In a recent study, 
BMPs promoted astrocytic differentiation 
from cells that had been expanded in vitro 
in the presence of epidermal growth factor 
(26). It will be interesting to establish 
whether BMPs and CNTF act through a 
common pathway at the same stage of as- 
trocyte differentiation. 

Thyroid hormone (T3) is also an in- 
structive factor causing stem cells to be- 
come lineage-restricted progenitors for oli- 
godendrocytes (20). Interestingly, CNTF 
and T3 are both differentiation and lineage- 
restriction factors. The differentiation of 
peripheral and central stem cells can be 
achieved without selection by the instruc- 
tive action of extracellular signals. Howev- 
er, it seems likely that a combination of 
instruction and selection is used in vivo to 
precisely regulate precursor-product transi- 
tions at the cellular level. 

The importance of selective mechanisms 
acting on a defined precursor cell type in 
brain development is best illustrated by stud- 
ies on the differentiation of oligodendro- 
cytes. There is evidence from the optic nerve 
for the existence of a hi potential progenitor 
in vitro for oligodendrocytes and type-2 as- 
trocytes, the 0-2A cell (33). In addition, the 
differentiation of this precursor cell could be 
controlled by manipulation of extracellular 
signals. Once the properties of this cell had 
been established, it became clear that a sim- 
ilar cell existed in the adult optic nerve (34). 
In tissue culture, 0-2A cells respond to sev- 
eral factors [bFGF, platelet-derived growth 
factor, CNTT, neurotrophins, and T3], and 
many of these factors also act in vivo to 
increase oligodendrocyte number in the op- 
tic nerve (35). These in vivo data show that 
the availability of growth fectors is limiting 
and that cell death is important in regulating 
oligodendrocyte numbers. 



This summary indicates that simple li- 
gands can regulate in vitro the transitions 
between stem cells and the three major cell 
types of the adult brain. However, it is not 
clear how many cell states exist in addition 
to stem cells and committed progenitors for 
astrocytes and oligodendrocytes. In some 
cases precursor-product transitions have 
been defined, but there are still many as- 
pects of cell-type origins that are unclear 
and may be advanced by further work in 
vitro. Epidermal growth factor (EGF) and 
bFGF have both been used as mitogens to 
expand CNS stem cells, but EGF may not 
be the optimal choice for a stem cell mito- 
gen, as there is evidence that EGF favors 
glial differentiation. In vitro EGF is a stem 
cell mitogen and a differentiation factor for 
astrocytes but not a lineage restriction fac- 
tor, suggesting that the commitment event 
is distinct from the differentiation mecha- 
nism (20). However, the in vivo overex- 
pression of EGF receptor may induce a fate 
shift from neurons to glia rather than simply 
promote astrocytic differentiation (36). It is 
clearly necessary to define the fundamental 
biochemical differences between lineage re- 
striction in stem cells and differentiation of 
progenitor cells. 

Another important unresolved question 
is whether there are proliferating cells ca- 
pable of giving rise to specific kinds of 
neuron. There is evidence for a cell of this 
type in the postnatal cerebellum, but it is 
not clear whether a committed neuronal 
progenitor occurs in other brain regions 
(37). The events that generate the pluripo- 
tent CNS stem cell from an earlier totipo- 
tent embryonic stem cell can also be ana- 
lyzed in vitro, because embryonic stem cells 
differentiate through a nestin-positive state 
to form synaptically active networks of cen- 
tral neurons (38). The routine differentia- 
tion of functional neurons from propagated 
stem cells would permit detailed analysis of 
how early steps in neurogenesis influence 
later stages of neuronal differentiation. The 
challenge is to set up experimental systems 
where the differentiation events of interest 
can be measured efficiently. 

Space and Time 

The cortical neuroepithelium is a highly 
polarized structure. Precursor cells divide at 
the inner (ventricular) surface of the neural 
tube, and immature neurons migrate away 
from the ventricle to specific layers. As 
different neurons become postmitotic in se- 
quence, their laminar location is a function 
of the time when the neuron differentiated. 
Transplants in ferret cortex show that ap- 
propriate, layer-specific neuronal differenti- 
ation occurs when cells derived from an 
early time are moved to a later stage (39). 
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Conversely, late neuronal precursors trans- 
planted to an earlier stage host do not con- 
tribute efficiently to early neuronal fates but 
rather exhibit laminar positions appropriate 
for late-generated neurons (40). This evi- 
dence supports a model where a neuron 
becomes committed to a particular laminar 
fate in the ventricular zone at the time of 
withdrawal from the cell cycle. Thus, it is 
the timing of the exit from the cycle that is 
thought to implement two distinct commit- 
ment events. In this scenario, the postmi- 
totic neuron is locked into a specific fate, 
and the remaining precursors are also irre- 
vocably changed. 

It is not known what specifies the re- 
gional identity of the different areas of the 
CNS. There are complex patterns of ex- 
pression of both cell surface signals and 
transcriptional regulators in the develop- 
ing neuroepithelium long before neurons 
themselves differentiate (4J). But there 
could be different stem cells for different 
brain regions. Gene deletion experiments 
in mice illustrate that whole sections of 
the brain can be eliminated with relatively 
little perturbation of the development of 
adjacent brain regions (42). Although 
these results are startling, they do not 
establish whether neuronal precursor cells 
are irreversibly committed to distinct re- 
gional fates. To establish commitment, we 
must give cells an opportunity to choose 
another regional fate. In the developing 
chick, a duplication of a brain region can 
be obtained by the local application of 
FGF8 (43). Tliis result suggests that single 
factors are sufficient to bias the differen- 
tiation cascade and establish major region- 
al features of the CNS. 

The rhombomeres of the hindbrain are a 
good example of the compartmental ar- 
rangement of the neuroepithelium (44). Al- 
though it was first thought that cells were 
prohibited from crossing the boundaries be- 
tween rhombomeric compartments, fate 
mapping in vivo now suggests that cells do 
move from one compartment to another at 
a low frequency (45). In other brain re- 
gions, neuronal precursors also migrate over 
great distances (46). When the location of 
rhombomeres was altered by tissue grafts, 
rhombomere-specific Hox gene expression 
was respecified by as yet undefined anterior- 
posterior control systems (47). In these 
transplant experiments, pieces of tissue 
were rearranged, making it hard to interpret 
the responses of single cells. It will be in- 
teresting to directly test the plasticity of 
isolated rhombomeric cells by transplanting 
dissociated cells from one rhombomere to 
another. 

Grafting experiments with cell lines 
from the hippocampus support a model in 
which local signals in the neuroepithelium 



at the time of neurogenesis give rise to 
region-specific neuronal subtypes. Immor- 
talized nest in-positive hippocampal cells 
transplanted to the developing cerebellum 
differentiated into typical cerebellar neu- 
rons (48). Transplants of primary striatal 
cells into the developing cerebral cortex 
also showed a switch to the locally appro- 
priate fate (49), suggesting that the plastic- 
ity in cell fate shown with immortal cells 
was not an artifact of immortalization. In 
conceptually similar experiments, primary 
cerebellar cells derived from mice express- 
ing the lacZ reporter gene under a neuron- 
specific promoter were grafted into the hip- 
pocampus of neonatal rats or wild-type 
mice. The grafted cells acquired morpholog- 
ical and immunohistochemical features of 
hippocampal granule neurons (50). The 
grafted and host neurons also showed kinet- 
ics of induction identical to those of the 
immediate early gene c-fos after intraperito- 
neal injection of neurotransmitter agonists 
and antagonists (50). These data suggest 
that immortal and primary neuroepithelial 
precursor cells grafted to new sites generate 
region-specific neurons in response to local 
cues. 

A major limitation of postnatal trans- 
plantation studies was that heterotopic 
neuronal integration occurred efficiently 
only when donor cells were introduced 
into the few sites that continued to gen- 
erate neurons in the newborn animal. This 
limited spectrum of accessible regions was 
dramatically increased by transplanting 
neural cells across the uterine wall into 
the embryonic mammalian brain (49, 5], 
52). When genetically labeled mouse tel- 
encephaltc neuroepithelial cells were sim- 
ply deposited in the ventricles, large num- 
bers of grafted cells were subsequently 
found incorporated into many sites in the 
host brain. The transplanted cells migrat- 
ed in accordance with known pathways 
and incorporated into telencephalic, dien- 
cephalic, and mesencephalic regions (52). 
Surprisingly, cells derived from the dorsal 
and ventral forebrain incorporated into 
homotopic and many heterotopic brain 
regions in a similar fashion. After migra- 
tion, the cells acquired morphological and 
antigenic features appropriate for neurons 
in their new environment (Fig. 4). The 
fact that striatal precursors can give rise to 
cortical, thalamic, and even tectal neu- 
rons illustrates that the regional heteroge- 
neity of the brain results primarily from 
extracellular signals acting on precursors 
during neuronal migration and differenti- 
ation. These results indicate that the ac- 
tivation of different signaling pathways in 
uncommitted stem cells generates the spa- 
tial heterogeneity of neurons seen in the 
CNS. 



Stem Cells and Disease in the 
Adult Nervous System 

It is important to define the types of pre- 
cursor cells that give rise to the neurons 
generated in the adult CNS (53, 54). Cells 
from the adult brain proliferate and differ- 
entiate into neurons and glia in tissue cul- 
ture (J3, 14 1 16, 55) with the same effi- 
ciency for neuronal differentiation as found 
in fetal stem cells and the same responses to 
extracellular ligands (20). For example, 
50% of the cells differentiate into neurons, 
and glial differentiation is strongly en- 
hanced in response to CNTF and T3 in 
fetal and adult stem cells. Thus, similar 
general mechanisms control the differenti- 
ation of stem cells from fetal or adult brain. 
In contrast to this apparent homogeneity in 
vitro, the behavior of cells in the adult 
proliferative zones in vivo is more difficult 
to define. Nevertheless, precursor cells in 
the adult forebrain ' have been intensely 
studied (J9, 54, 56). The proliferation of 
these cells can be stimulated by the direct 
application of mitogenic growth factors in 
vivo, and in animals treated in this way, 
proliferating cells in the subventricular zone 
differentiate into neurons and glia (57). 
However, in vivo less than 3% of the pro- 
liferating cells labeled with bromodeoxy uri- 
dine differentiate into neurons. The dis- 
crepancy between the efficient neuronal 
differentiation of adult stem cells in vitro 
and their inefficient differentiation in vivo 
is a critical but unresolved question for the 
field. Thus, the lack of differentiating neu- 
rons may not be a consequence of the lack 
of cells with the appropriate potential biit 
rather a function of the signaling environ- 
ment in the adult brain. However, a careful 
analysis of adult stem cells has only just 




Fig. 4. Genetically labeled cells differentiate into 
hippocampal CA1 pyramidal neurons. The donor 
cells were derived from the embryonic day-14 
cortical neuroepithelium of a transgenic mouse 
carrying a lacZ reporter gene. They were placed 
into the telencephalic vesicles of an E1 8 rat, where 
they Incorporated into the host hippocampus and 
differentiated into granule and pyramidal neurons. 
The grafted cells can be identified by the blue facZ 
signal. Data taken from (52). Scale bar: 50 jim. 
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begun, and we cannot yet nile out cell- 
autonomous restrictions that make the 
adult stem cells distinct from their fetal 
counterparts. 

There is traditionally a close interaction 
between fundamental and clinical goals in 
the study of stem cells (58). The identifica- 
tion of extracellular proteins that regulate 
the differentiation of multipotent cells de- 
rived from the adult brain has implications 
for therapies targeted at neurodegenerative 
disease. The increased interest in extracel- 
lular signals acting on plastic cells during 
development fits well with the massive ef- 
fort mounted in the biotechnology commu- 
nity to develop treatments for neurodegen- 
erative disease based on the delivery of 
neurotrophic proteins. In vitro neuronal 
survival assays were often used in the initial 
identification of neurotrophic factors. 
These factors were then rapidly tested in 
animal models of neurodegenerative dis- 
ease. The long- term delivery of proteins in 
the brain is a major goal in gene therapy. 
Transplantation of cells engineered to pro- 
duce growth factors shows the potential of 
grafted cells as vectors for protein delivery 
(59). However, the complexity of neurotro- 
phic signals still challenges the technology 
for gene manipulation and protein delivery 
in the CNS. There has been encouraging 
progress in using cell lines derived from the 
neuroepithelium rather than fibroblasts as 
cellular vectors in models of CNS disease. 
Neuroepithelial cells integrate in the host 
more readily than fibroblasts. This feature is 
an advantage for distributing a soluble li- 
gand more widely in the diseased brain (60) 
or correcting a general biochemical deficit 
in the CNS (61). 

It is possible to generate many different 
immortal cell lines from the developing 
CNS. TTiese cells can express characteris- 
tics of stem cells (48, 62), neurons (63, 64), 
orglia (17 y 65). Immortalized neuroepithe- 
lial stem cells can show extensive morpho- 
logical differentiation into neurons when 
they are grafted into the developing (48, 
62) or adult brain (64). The differentiation 
of genetically labeled immortal cells into 
neurons when implanted into the adult 
brain is notable because it hints that neu- 
ronal replacement in the adult is not only 
possible but might become simple. In most 
cases, immortalization has been achieved by 
incorporating oncogenes into a primary 
cell, which is, of course, not advisable for 
actual clinical use. However, the CRE-loxP 
system may be useful for removing the im- 
mortalizing oncogene before implantation 
(66). 

More recently, the field has shifted 
away from the use of oncogene-immortal- 
ized cells toward the grafting of primary 
cells expanded in vitro. An example of 



this development is an experiment sug- 
gesting that primary adult cells derived 
from the hippocampus and cultured for 
long periods in vitro can still differentiate 
into neurons when re -implanted into the 
migratory pathway used to replenish neu- 
rons in the adult olfactory bulb (67). Al- 
though this field is still technically de- 
manding, these and other results discussed 
here suggest that further experimental 
work should be directed at ambitious cell 
therapies based on both primary and im- 
mortal cells derived from the neuroepithe- 
lium. Clinical trials show that neuron re- 
placement therapies for neurodegenera- 
tive diseases, such as Parkinson's and Hun- 
tington's disease, are feasible (68). Neural 
grafting is currently limited by a number of 
factors, including the lack of suitable do- 
nor material and the full integration of the 
grafted cells. In vitro expar\sion and ma- 
nipulation of cells from the neuroepithe- 
lium will provide a range of well-charac- 
terized cells for transplant-based strategies 
for neurodegenerative disease (69). Exper- 
imental grafts in animal models suggest 
that the integration of grafted neurons 
into the circuitry of the host may be pos- 
sible (50, 52, 62, 64, 69). Appropriate 
pre treatment of the host brain may be 
required for efficient neuronal differentia- 
tion by grafted precursors (70). For clini- 
cal applications, cell culture offers an im- 
portant opportunity to use sophisticated 
genetics in cell-based therapies for neural 
disease. 

The clinical significance of stem cell 
biology extends beyond cell-based thera- 
pies. The dynamics of cell organization is 
also critically relevant to a systematic un- 
derstanding of CNS tumors and of physical 
injury to the brain. Two examples of nestin 
expression in the adult brain illustrate this 
point. In addition to being expressed in 
adult stem cells, nestin is also found in CNS 
tumors (7J) and reactive astrocytes (72), 
These observations raise the interesting 
question of the extent of similarity between 
these nestin-positive cells and CNS stem 
cells. The proliferation and migration of 
CNS tumor cells are their two most dam- 
aging features. It is tempting to speculate 
that the self-renewing cell in a CNS tumor 
is similar to the stem cells found in the fetal 
and adult CNS. 

These examples illustrate the much more 
general point that there will be a wide clin- 
ical impact resulting from increased knowl- 
edge of the mechanisms that control the 
transitions between cell types in the adult 
CNS. The clear-cut properties of dissociated 
CNS stem cells in culture show that in vitro 
technology can be used to define, at the 
cellular and molecular levels, the steps in 
fate choice. The presence in the adult of 



multipotential cells similar to the fetal stem 
cell emphasizes the importance of extracel- 
lular signals acting on stem cells throughout 
the mammalian life cycle. As our under- 
standing of the nature of these signals grows, 
therapies will be developed in which the 
responses of normal and diseased stem cells 
will be manipulated to clinically useftil ends. 
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Because circulating blood cells survive for 
only a few days or months, hematopoietic 
stem cells (HSCs) in bone marrow must 
provide a continuous source of progenitors 
for red cells, platelets, monocytes, granulo- 
cytes, and lymphocytes ( I ). However, bone 
marrow also contains cells that meet the 
criteria for stem cells of nonhematopoietic 
tissues. The stem-like cells for nonhemato- 
poietic tissues are currently referred to ei- 
ther as mesenchymal stem cells, because of 
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their ability to differentiate into cells that 
can roughly be defined as mesenchymal, or 
as marrow stromal cells (MSCs), because 
they appear to arise from the complex array 
of supporting structures found in marrow. 

Multipotentiality of MSCs 

The presence of stem cells for nonhemato- 
poietic cells in bone marrow was first sug- 
gested by the observations of the German 
pathologist Cohnheim 130 years ago (2). 
Cohnheim studied wound repair by inject- 
ing an insoluble analine dye into the veins 
of animals and then looking for the appear- 
ance of dye-containing cells in wounds he 



Marrow Stromal Cells as Stem 
Cells for Nonhematopoietic 
Tissues 

Darwin J. Prockop 

Marrow stromal cells can be isolated from other cells in marrow by their tendency to 
adhere to tissue culture plastic. The cells have many of the characteristics of stem cells 
for tissues that can roughly be defined as mesenchymal, because they can be differ- 
entiated in culture into osteoblasts, chondrocytes, adipocytes, and even myoblasts. 
Therefore, marrow stromal cells present an intriguing model for examining the differ- 
entiation of stem cells. Also, they have several characteristics that make them potentially 
useful for cell and gene therapy. 
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Neural Stem Cells for CNS 
Transplantation 

E. EDWARD BAETGE" 
CytoTherapcuticSy Inc., Providence^ Rhode Island USA 02906 

ABSTBACT: Neurodegenerative disorders such as Parkinson's, Alzheimer's, and 
Huntington's disease are becoming ever more prominent in our society. A direct 
approach towards therapeutic treatment of these diseases is through replacement 
therapy where normal tissue is transplanted back to the nervous system. Recently, 
significant progress has been achieved with transplants in Parkinson's disease, 
but the process is heavily dependent on an unstable and problematic source of 
fetal tissue. Neural stem cells may become the tissue/cell source necessary for 
developing the therapeutic potential of neural transplantation. Stem cells are self- 
renewing, multipotent and could provide a well-characterized and clean source 
of transplantable material. A number of new in vitro approaches have led to the 
development of continuously propagated stem cells that arc potential candidates 
for nervous system transplantation. These include oncogene-induced immortali- 
zation and growth-factor stimulation of naturally occurring central and periph- 
eral nervous system stem cells. The nature of these cells and their suitability for 
transplantation into the CNS will be evaluated. 



Transplantation into the mammalian nervous system has long been a dream 
of neurobiologists. Until the 1970s only a few such experiments had been 
attempted and with litde success. Over the last two decades a large number 
of rodent transplantation paradigms have been successfully employed to inves- 
tigate bodi the sur\'ival of implanted tissue and its ability to repair damaged 
CNS structures. 

The success of the rodent studies has led to the application of these proce- 
dures to human transplantation, particularly in Parkinson's disease. Reccndy 
some of the most proniising transplantation successes have been observed in 
patients with MPTP-induced and idiopadiic Parkinsonism. ^"^ At present, 
diese procedures are dependent on the availability of suitable fetal mesence- 
phalic tissue obtained from 6- to 8-week-old aborted fetuses. Currendy, the 
state of die art technique generates fetal cells diat are 70-80% viable widi 
10-15% of diese cells immunoreactive for tyrosine hydrox>4ase. In the major- 
ity of cases it is estimated that only 5-10% of die engrafted tissue survives 
^ong-term at the implant site.^ 

Although these fetal dssue isolation and transplantation procedures are 

''Said correspondenu to: E. Edward Bactgc, Ph.D., CytoThcrapcutics, Inc., 2 Richmond 
Square, Providence, RI 02906; TEL: 401-272-3310; FAX: 401-421-8587. 
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likely to improve with time, there are many obvious disadvantages for its use 
in brain transplantation. Serious questions arise as to whether the supply of 
fetal tissue will be an adequate or consistent source of safe, transplantable 
material for the ever increasing patient population affliaed with neurodegen- 
erative disorders. In addition, the moral and ethical debate over the use of 
fetal tissue continues to be one of the most serious obstacles to this form of 
transplantation. 

If one could choose the ideal source of cells or tissue for nervous system 
transplantation, it might have the following qualities: 1) the cells or tissue 
to be transplanted would be produced in large quantities in a reproducible 
fashion like a cell line; 2) the material would be well-characterized, free of 
adventitious agents, and would be non-transformed and non-tumorigenic 
when implanted into the host; 3) the transplanted tissue would be capable 
of differentiating into both neurons and glial cells (pluripotential), and be 
capable of integrating into the host brain in a relevant functional/regenerative 
manner, and; 4) the transplanted material would not require long-term immu- 
nosuppression for survival. All of this may be possible if homogeneous, alloge- 
nic or even xenogenic neuronal populations are transplanted which have been 
demonstrated to lack or express very low levels of the major histocompatibility 
antigens (MHC) necessary for antigen presentation.^'^ Neural-derived stem 
cells possess many of the characteristics listed above as they arc self-renewing 
and under the proper conditions capable of producing differentiated prog- 
eny,^^^ and as such they may prove to be widely applicable for CNS transplan- 
tation. 

Recendy, a rodent neural cell line with a number of these characteristics 
has been derived from the embryonic hippocampal anlagen. These cells, 
termed HiB5, were derived by infection of the embryonic (E16) rat hippo- 
campus with a retrovirus expressing a temperature-sensitive SV40 large T- 
antigen.® The cells express an intermediate filament protein called nestin^ 
which is expressed in vivo^^ and in vitro^^ by neuroepithelial-derived stem 
cells. This intermediate filament protein appears to be specifically expressed 
by early stem/progenitor cells in both the peripheral and central nervous 
S}'stems and upon terminal differentiation is replaced by either glial (glial 
fibrillary acidic protein - GFAP) or neuronal- (neurofilaments) specific inter- 
mediate filament proteins. Although the HiB5 cell line does not assume highly 
differentiated phenotypes in vitro, it can be transplanted back into the posma- 
tally developing hippocampal dentate gyrus or cerebellum and assume difFer- 
enriated morphologies and some antigenic markers associated with both neu- 
rons and glia.® In this respect, the HiB5 cells have been demonstrated to be 
multipotential after transplantation into either the developing hippocampal 
dentate gyrus or cerebellar granule layer. These experiments indicate that 
the developmental fate of at least some transplanted neural precursor cells is 
influenced by the CNS environment. 
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With respect to the ideal cell source for neural transplantation, the HiB5 
line satisfies the requirement for large numbers of transplantable cells. The 
HiB5 line is conditionally immortalized widi a temperature-sensitive SV40 
T-antigen, which is inactivated at the non-permissive temperature of 
SZ-SP'C. As the rodent core temperature is believed to be in this range, the 
transplanted HiB5 cells appear to become non-immunoreactive for T-antigcn, 
cease cell division, and terminally differentiate. It is reported that no tumors 
form anywhere in the rccipient'CNS after implantation of the HiB5 ceUs. 
The HiB5 cells can be transplanted allogenically into rats, but it is not clear 
what percentage of the ceUs survive and become appropriately differentiated 
and integrated in vivo and whedier these cells are functionally active. These 
cells represent an excellent system for studying the intcraaion of neuronal 
stem cells with the normal or lesioned nervous system and satisfy' many of 
the characteristics of a renewable source of transplantable neuronal stem-like 
cells. It remains to be determined how multipotenital these cells are and 
whedier a similar version of this cell might be obtained from the human 
nervous system. 

A number of other precursor cell lines with some of the features of the 
HiB5 cells have also been established from the embryonic nervous system 
using retrovirally mediated oncogene transfer. However, further characteriza- 
tion is necessar\' in order to demonstrate that these cells possess at least some 
features of true CNS stem cells. ""^^ The application of a large number of 
oncogenes for the derivation of continuous or immortalized neuronal and 
glial cell lines has yielded a vast array of these lines. Many of these immortal- 
ized cell lines have greatly contributed to our understanding of some of the 
complex processes and interactions within the nervous system. It is worth 
noting however, that the continuous nature of these lines and their capacity 
for producing large quantities of material is a direct result of the presence of 
the oncogene. Even though the expression of some of these oncogenes is 
conditional in nature, and some of the cell lines apparendy do not readily 
form tumors in the rodent brain, they raise serious safety issues in the context 
of human transplantation. 

The ideal neural stem cell would be continuous in culture, with growth 
and differentiation properties under normal epigenetic control and preferably 
not modified with transforming or immortalizing genes. In attempts to de- 
velop culture conditions for the propagation of endogenous neural stem cells 
in vitro, a number of investigators have demonstrated growth factor"-^*-^^ 
and conditioning cell requirements**-^' for stimulation of neuronal stem cell 
proliferation. However, these culture methods have not enabled the continu- 
ous propagation of cells possessing true stem cell characteristics in vitro. Re- 
cently, Ray et al.^"^ have demonstrated that primary embryonic hippocampal 
progenitor cells can be propagated long-term in the presence of 10-20 
ng/ml bFGF. This growdi factor-stimulated progenitor cell population 
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appears restricted to the generation of nerve cells as determined by immuno- 
cytochcmical and ultrastructural analysis. 

Reynolds and Weiss,^®-^^ have discovered a novel striatal progenitor cell 
that can be continuously propagated in vitro. The EGF-responsive progenitor 
cells can be isolated from embryonic^^ and adult mouse brain,^° and can be 
continuously propagated in EGF-containing culture medium. Removal of 
EGF prevents proliferation. A single cell from one of these EGF-generated 
clusters can be plated by limiting dilution giving rise to an "identical" cell 
cluster within 10 days. Both EGF and TGFa can stimulate the propagation 
of similar clusters of cells while NGF, PDGF or TGFp are not capable of 
stimulating cell proliferation. The majority of cells in the EGF-generated 
clusters also express the intermediate filament nestin. When these cell clusters 
are allowed to proliferate for 25 days in vitro (DIV), a variety of neuronal 
and glial phenotypes appear. These include, NSE, neurofilament, substance 
P, GABA, and met-enkephalin immunoreactive cells, in addition to GFAP 
immunoreactive astrocytes. BrdU-labeling of EGF-generated clusters be- 
tween 14 and 21 DIV results in NSE and GFAP double-labeled cells at 25 
DIV. These results indicate that the EGF-generated cell clusters are capable 
of differentiating into the majority of cell types that exist within the striatum. 
Furthermore, the production of differentiated BrdU-labelcd neurons and glia 
indicate that the progenitor cells are actively dividing before terminal differen- 
tiation. 

It remains to be determined whether these progenitor cells are limited to 
producing only cells present in the striatum or whether they are capable of 
generating neurons and glia found in other regions of the CNS. It is suggested 
from the work by Reynolds and Weiss that the EGF-responsive cells have 
self-renewing properties in that isolated cell clusters can be split into single 
cells which can reproducibly give rise to a multipotential cluster of cells con- 
taining an unknown number of the original "stem" cells. It is suggested that 
these stem-like cells can continue to be self-renewing and divide in an asym- 
metric fashion (divide to produce an identical stem cell and a more differen- 
tiated daughter cell) and are capable of giving rise to neuronal and glial cells 
throughout the life span of the organism. In support of this idea, apparently 
identical, multipotent EGF-dependent cells can be isolated from both E14 
and adult mouse brain. Currendy, these cells remain pluripotential up to 30 
passages in vitro. It is very likely that the true potential of these cells will be 
discovered using a combination of in vitro (growth faaor, co-culture) and in 
vivo differentiation paradigms similar to those used for the HiB5 cells. 

It will also be important to relate the Weiss/Reynolds EGF-dependent 
progenitor cells to the O2 A precursor cell which gives rise to the oligodendro- 
cyte and type II astrocyte described by Raff and coUaborators^^'^^ and to the 
recendy identified NO precursor cell^'* that gives rise to both neurons and 
oligodendrocytes . 
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Interestingly, it has been previously reported that EGF and TGFa also 
stimulate retinal neuroepithelial cell mitosis in primary cultures.^^ This work 
clearly shows that a variety of retinal neuronal and glial phcnorypes can be 
generated in these cultures in the presence of EGF and low serum conditions. 
Under these culture conditions these cells were not demonstrated to be capa- 
ble of continuous propagation. 

Finally, recently published experiments indicate that a multipotent neural 
crest stem cell can be identified and cultured in vitro}^ It is of interest to 
mention here that the initial culturing medium contains 100 ng/ml EGF 
together with pFGF and 2.5S NGF. The neural crest stem/progenitor cell 
can be isolated by FAGS sorting of surface labeled crest cells or through 
replating and cell surface labeling using antibodies to low affinit}' nen'e 
growth factor receptor (LNGFR). In this work, Stemple and Anderson have 
demonstrated that all of the LNGFR positive neural crest cell progenitors 
express high levels of the intermediate filament protein, nestin. Primarj^ clones 
cultured for 9-14 days generated neuronal morphologies reacting with anti- 
bodies to neurofilament 160KD, N-CAM, and pcripherin. Peripherin is an 
intermediate filament protein expressed almost exclusively within the periph- 
eral nervous system. These differentiated cells no longer express nestin or 
LNGFR. Furthermore, addition of forskolin (5fxm) and 10% FBS to the 
culture medium results in the expression of Schwann cell markers, GFAP, Po 
and sulfatidc-04 in many of the non-neuronal cells remaining in these cultures. 

If 6 day-old LNGFR receptor positive clones are dispersed into single cells 
and replated, 50% of those cells surxave and grow into colonies that produce 
peripherin positive neurons and GFAP-positive Schwann cells. These experi- 
ments suggest that the neural crest progenitor/stem cell is multipotent and 
can reproduce both asymmetrically and s\'mmetrically giving rise to itself and 
a differentiated daughter cell. 

Although the neuronal phenot\'pe(s) produced by these cells arc not 
known, it is clear that both neurons and Schwann cells can be generated from 
a single neural crest "stem" cell and that these cells appear to be both self- 
renewing and pluripotential. It now remains to be demonstrated whether 
these cells can be continuously propagated and employed for in vivo transplan- 
tation paradigms. 

In summarj', a number of neuroepithelial derived "stem" cell populations 
have been adapted to the culture environment. This is a significant advance 
towards developing a reproducible and highly manipulatable source of uni- 
form cells for application to transplantation in the nervous system. Whether 
these cells can be continuously cultured with no loss of renewing potential 
remains to be shown. Furthermore, it is not clear whether any of the cells 
described are pluripotential for all CNS and PNS cell tj'^pes or have a more 
limited potential. Finally, there is little evidence for the ability of these "stem"- 
likc cells to be successfully transplanted into the nervous system. Much work 
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remains to determine the true potential of these putative nervous system stem 
cell populations, but the prospects are incredibly exciting. 
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Introduction 

Neurodegenerative disorders such as Alzheimer's^ Parkinson's, and Hun^ 
lington's disease, as well as demyelinaling disorders such as multiple sclero- 
sis (MS), are of serious concern in our society. Our understanding of the 
processes underlying these disorders is poor and treatments are few. Because 
of the wide array of central nervous system (CNS) disorders, possible thera- 
peutic approaches are also diverse and include cell replacement via trans- 
plantation; neurotrophic factor delivery from implants of polymer-encapsu- 
lated or unencapsulated, genetically modified cell lines; and the systemic 
delivery of small, therapeutic molecules capable of traversing the 
blood-brain barrier. As each of these approaches has benefits and limitations, 
it may be necessary to combine some of them for successful therapeutic inter- 
vention. 

Much attention is currently being directed toward the use of neurotrophic 
factors in the treatment of neurodegenerative disorders. The application of 
these factors to the CNS for therapeutic intervention has been delayed pri- 
marily by two obstacles. First, polypeptide growth factors are relatively 
large molecules and, in general, are unable to cross the blood-brain barrier. 
Second, it is unclear whether non-site-specific delivery will be effective in 
reversing the degenerative process that typically occurs in defined brain 
regions and whether nonspecific delivery will produce detrimental side ef- 
fects. Although specific small molecules, capable of crossing the blood-brain 
barrier may be developed to overcome some of these problems, few options 
exist today for the delivery of neurotrophic factors to the CNS. One option 
is the use of a polymer encapsulation technology that provides a means for 
the delivery of neurotrophic factors and neurotransmitters to the site of 
disease within the nervous system (see Chapters [22]-[24], this volume). 
With this technology, one can safely encapsulate cell lines that have been 
genetically modified to secrete neurotrophic or other factors. The encapsu- 
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lated device provides protection to the host from uncontrolled cell line growth 
while protecting the implanted cells from the host immune system. 

A second approach in the treatment of neurodegenerative diseases is 
through cell replacement, by which unprotected cells are transplanted into 
the damaged or diseased nervous system. Potential cell therapy applications 
in humans include the replacement of oligodendrocytes in demyelinated MS 
lesions, replacement of dopaminergic neurons of the substantia nigra in 
Parkinson's disease, or the site-specific implantation of genetically modified, 
trophic factor-secreting cells to prevent or arrest neuronal loss. In experimen- 
tal approaches for the treatment of demyelinating and inherited dysmyelinat- 
ing disorders, progress has been made in animal models with the implantation 
of dissociated primary glial cells as well as a number of oligodendrocyte 
precursor cell lines. In these paradigms, oligodendrocytes or oligodendrocyte 
precursors have been shown to restore myelin in portions of the demyelinated 
or dysmyelinated nervous system (1-3). Progress has also been achieved 
with fetal cell transplants into patients with Parkinson's disease; however, 
the procedure has been largely dependent on the availability of fetal tissue! 
which is fraught with concerns of a moral and ethical nature as well as 
concerns over the uniformity, aidequate supply, and the safety of the donor 
material (4, 5). 

The lack of a reliable and safe supply of primary cells for human trans- 
plantation has resulted in the development of cell lines, specifically the 
oncogene-induced immortalization of CNS stem/progeni:or cells (for reviews 
see Refs. 6 and 7). Although these cells have been extremely valuable in 
rodent transplant models, and in broadening our understanding of neural 
development and function, the use of oncogene-driven cells for human trans- 
plant therapy is questionable. Although the use of cell lines derived with 
temperature-sensitive or inducible oncogenes may be a logical alternative, 
their safety for transplantation into humans has not been addressed. An 
epidermal growth factor (EGF)-responsive neural stem cell culture system 
has been developed that may be an alternative to oncogene-generated cells 
(8-10). These growth factor-responsive, nontransformed neural stem cells 
can be continuously propagated in a cell Hne-like manner for indefinite periods 
in the presence of EGF. On removal of EGF, proliferation stops and the stem 
cell-generated progenitor cells can be differentiated in vitro into neurons, 
astrocytes, and oligodendrocytes. 

In this chapter we describe aspects of this novel EGF-responsive stem 
cell culture system. The EGF-responsive cells can be isolated from embry- 
onic and adult rat and mouse brain, and similar cells have been isolated from 
fetal human brain (B. Reynolds et al., unpublished observations, 1994). In 
addition, we demonstrate that undifferentiated stem cell progeny are capable 
of forming oligodendrocytes when transplanted in vivo. Finally, we describe 
the development of genetically tagged, EGF-responsive stem cells derived 
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from transgenic mice. These mice carry chimeric genes composed of mamma- 
lian cell-specific promoter elements that direct the expression of a reporter 
gene to either astrocytes or oligodendrocytes. 

Production and in Vitro Characterization of Epidermal Growth 
Factor-Responsive Neural Stem Cells 

Using sterile technique, the striata from Htters of E 14-15 Sprague-Dawley 
rats or of BALB/cJ or CDl mice, are dissected and separately pooled in 
L-15 dissection buffer (GIBCO, Grand Island. NY) and held on ice. The 
L- 15 is removed and the dissected tissue is resuspended in a defined. DMEM- 
F12-based (GIBCO) serum-free medium containing glucose (0.6%) insulin 
(25 Mg/ml), transferrin (100 fig/ml), progesterone (20 nM), putrescine (60 
^LM), selenium chloride (30 n^), glucose (0.6%), glutamine (2 mM), sodium" 

.T^i'^nncf 2 ^-2-hydroxyethylpiperazine-A''-2-ethanesulfonic acid 

(HEPES) buffer (5 mM) (all reagents from Sigma, St. Louis. MO), and EOF 
(20 ng/ml; Collaborative Research Incorporated. Waltham, MA) (subse- 
quently referred to as complete EGF medium). The tissue is vigorously 
triturated 1 0-20 times with a fire-polished Pasteur pipette to achieve a single- 
cell suspension and the dissociated cells are plated at 100,000 cells/ml in 
T25 flasks and maintained in the complete EGF medium. Over the following 
7-10 days, free-floating spheres of proliferating cells are formed. Without 
disturbing the attached cells, the spheres are removed, gently centrifuged at 
800 rpm, and triturated with a fire-polished pipette to a single-cell suspension 
and plated at approximately 100,000 cells/ml in T25 flasks. By this method 
the cells can be subcultured once per week (i.e., passaged) repeatedly, form- 
ing nonadherent spheres that float in suspension. The progeny can be identi- 
fied by their immunoreactivity with antiserum to nestin. an intermediate 
filament protein expressed by undifferentiated neural stem/progenitor cells 
(11. 12). Under the appropriate differentiating conditions, the progeny of the 
EGF-generated cells lose their nestin immunoreactivity and differentiate 
into neurons, astrocytes, and oligodendrocytes. These EGF-responsive stem 
cells have now been routinely passaged more than 50 times over a period 
of 1 year and remain nestin immunopositive and multipotent. 

Identification of Stem Cell Progeny and Their Differentiation Potential 
in Vitro 

Differentiation and Immiinolabeling Procedure 

The EGF-generated cells can be induced to differentiate into oligodendro- 
cytes, astrocytes, and neurons by altering the culture conditions (see Fig. 
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Without EGF 




Fig. 1 Schematic representation of the EGF-responsive stem cell culture system 
In the presence of EGF. and in a defined, serum-free medium, the stem cells can be 
propagated mdefiniteiy, The stem cells grow as spheres (neurospheres) that are nestin 
positive. The stem cells can be influenced to differentiate by removing the EGF and 
adding a small amount of serum to the defined medium. Under these conditions the 
cells rapidly form the three major cell types in the CNS: neurons, astrocytes.'and 
oligodendrocytes. The relative proportion of each differentiated cell type can be 
influenced using combinations of growth factors. 

1). The free-floating. EGF-generated spheres are gently centrifuged. resus- 
pended in the base medium (minus EGF) with 1% (v/v) fetal bovine serum 
and plated on poly-L-ornithine-treated glass coversiips (lOMg/ml) The EGF- 
generated spheres attach firmly to the glass, and the cells slow or stop 
dividing aiid begin to differentiate. One to 14 days postplating, the cells on 
the coversiips are incubated unfixed, for 30 min at room temperature, with 
one of the following primary monoclonal antibodies; 01 , 04 (13).galactocere- 
bros.de (GalC). or A2B5 (supernatants) (all provided by P. Wood Universify 
of Miami) diluted in minimal essential medium with 5% (v/v) normal eoat 
serum and 25 mM HEPES buffer. pH 7.3 (MEM-HEPES. NGS). Coversiips 
are gently washed five times in MEM-HEPES, and incubated for 30 min at 
room temperature m fluorescein^ or rhodamine-conjugated secondary anti- 
bodies (Sigma) diluted in MEM-HEPES, NGS as recommended by the 
manufacturer. The coversiips are then washed five times in MEM-HEPES 
and fixed with acid alcohol (5% glacial acetic acid-95% ethanol) for 30 min 

LnK^I'oSnS'"'^'"^ coversiips are washed five times 

with MEM-HEPES, and either mounted and examined using fluorescence 
microscopy or immunoreacted with rabbit polyclonal antisera raised against 
glial fibrillary acidic protein (GFAP) (Dako, Carpinteria, CA), nestin (R 
McKay, NIH), myelin basic protein (MBP) (Dako), or proteolipid protein 
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(PLP) (Serotec, Serotec Products, Harlan Bioproducts for Science. Inc 
Indianapolis, IN). When subjected to a second round of immunolabeling* 
the covershps are incubated first for 1 hr with 5% NGS in 0.1 A/ phosphate 
buffer with 0.9% (w/v) NaCl at pH 7.4 (PBS) followed by rabbit primary 
antibodies diluted in NGS for 1^2 hr at room temperature. Coverslips are 
washed three times with PBS, incubated with the appropriate secondary 
antibody conjugates diluted in NGS, washed with PBS, and then mounted 
on glass microscope slides with antifadent (Citifluor, Ltd., London, UK) 
mounting medium and examined usiiig a fluorescence microscope. In cases in 
which samples are immunoreacted with antibodies raised against intracellular 
antigens and not immunolabeled live with the monoclonal antibody superna- 
tants, the coverslips are fixed for 20 min with 4% paraformaldehyde in PBS 
(pH 7.4), washed with PBS, permeabilized with 100% ethanol. washed again 
with PBS, and incubated with 5% NGS in PBS for 1 hr. Primary antibodies 
and secondary antibody conjugates are applied as outlined above. 



Formation of Mature Oligodendrocytes in Vitro from Epidermal 
Crrowth Factor-Responsive Stem Cell Progeny 

To identify specific cell types 1 to 7 days after differentiation, cells on 
coverslips were immunolabeled with antibodies specific for oligodendrocyte 
precursors or mature oligodendrocytes. At 1 day postplating. the spheres 
attach to the substrate and many cells with a bipolar morphology migrate 
from the sphere. Most of the cells, especially flat cells at the base of the 
cluster, are immunoreactive for nestin. By 3 days, however, the nestin immu- 
noreactivity in these flat cells diminishes whereas GFAP immunolabeling 
increases, consistent with the differentiation of astrocytes. During this same 
3-day period, the bipolar cells, which are initially 04 positive, exhibit a 
decrease in 04 immunoreactivity and a concomitant increase in GalC immu- 
nolabeling by the third day postplating. Five to 7 days postplating. nestin 
u tl^lT"?^^^"'""^ significantly reduced in all cells and a fraction 
^, Lzi oligodendrocyte precursors become immunoreactive to 

Ol. MBP, or PLP. At this stage of differentiation in the culture system 
these cells also possess a distinct oligodendrocyte morphology. 

Formation of Myelinating Oligodendrocytes by Epidermal Growth 
Factor-Responsive Stem Cell Progeny when Transplanted in Vivo 

Because the EGF-responsive stem cells are capable of generating oligoden- 
drocyte precursors and oligodendrocytes in vitro, we examined whether 
these cells could respond to natural cues by differentiating into oligodendro- 
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cytes and myelinating CNS axons //; vivo. The myelin-deficient rat (md) is 
an inherited dysmyelinating mutant and during their brief life span (approxi- 
mately 25 days) the affected animals form virtually no myelin within the 
CNS. Prior to transplantation into the md rat, the EGF-responsive stem cells 
are maintained in EGF-containing medium for up to 35 passages. Nestin- 
positive cells (no mature oligodendrocytes) are collected and triturated into 
a single-cell suspension.in the presence of 0.1% (w/v) bovine serum albumin 
(BSA). Epidermal growth factor-generated ceils from different passages are 
used for injection into the mutant spinal cords. Myelin deficiency is an 
X-linked recessive trait and therefore only one-half of the male offspring 
born to carrier females are affected hemizygotes for the mutation. After 
laminectomy and exposure of the spinal cords, the mutants are readily identi- 
fied at postnatal days 8-10 by the absence of myelin within the dorsal col- 
umns. At postnatal days 8-10, animals are anesthetized with halothane, 
a small longitudinal incision is made along the back, and a laminectomy 
performed, exppsing the T13-L1 level of the spinal cord. A small incision 
is made in the dura mater to allow for the entry of the glass micropipette. 
To limit the number of animals, only the mutants are used for injection. 
Approximately 1 .0-1.5 ^1 (50,000 cells/ fi\) of the stem cell progeny in Hanks' 
balanced salt solution (HBSS) is then injected into the dorsal columns just 
lateral to the midline. The site of injection is marked using sterile charcoal 
powder. Following the injection, the incision is sutured and the animals are 
gently warmed and allowed to recover from the halothane anesthesia. The 
animals are then returned to the dams and allowed to survive for approxi- 
mately 2 weeks. Because the mutants usually die by approximately postnatal 
day 25, they are sacrificed at 21-24 days of age, using a pentobarbital over- 
dose and aldehyde perfusion. Rats transplanted with the mouse stem cell 
progeny receive cyclosporin A (Sandoz, Switzerland) at a dose of 10 mg/kg 
intraperitoneal (ip), commencing on the day prior to cell injections. Spinal 
cords are removed and further postfixed in the same aldehyde fixatives for 
at least 24 hr, postfixed with osmium tetroxide, dehydrated, and processed 
for Epon embedding (1). 



Fig. 2 The undifferentiated stem cells are capable of differentiating into myelinating 
oligodendrocytes when implanted into the myelin-deficient CNS. Photomicrographs 
of a section of the dorsal columns of an md rat spinal cord (T13-L1) 2 weeks 
postimplantation of undifferentiated mouse neurospheres. There is abundant normal 
myelin, especially along the midline in these sections. Top: At the edge of the photomi- 
crograph, an apparent oligodendrocyte is seen that is in close contact to a cluster 
of myelinated fibers (arrow). One-micrometer Epon-embedded section stained with 
toluidine blue. Bar: ICQ /xm. 
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Histological analysis on toluidine blue-stained, l-ixm Epon sections was 
performed on the implanted spinal cords. Varying numbers of myelinating 
oligodendrocytes were seen in the implanted spinal cords with all myelin 
being confined to the dorsal columns (Fig. 2). Generally, within the core of 
the myelinated zones, the myelinated fibers were densely packed, and the 
myelin appeared to be of normal thickness, although this was not quantitated. 
At the edges of the zones, a number of myelinating oligodendrocytes were 
seen in contact with several axons. There was no obvious evidence of in- 
flammation or abnormal cell death in any of the implant sites by light or 
electron microscopy. 

In vitro, the majority of the EGF-responsive stem cell progeny form 
astrocytes under the standard differentiation protocol. Therefore, it was 
possible that astrogliosis would have been seen in the injected spinal cords. 
To determine whether the stem cell-derived astrocytes directly or indirectly 
caused any astrogliosis, we examined regions of the spinal cords that had 
received stem cell implants using immunocytochemistry for GFAP. For this 
analysis, we used l-fim Epon sections that were essentially adjacent to those 
used in the analysis of the extent of myelination. None of the spinal cord 
sections containing the implanted stem cell progeny exhibited an increase 
in GFAP immunoreactivity relative to the spinal cords in the uninjected md 
rat. Furthermore, electron microscopy (EM) analysis of the grafted areas 
revealed no evidence of hypertrophied astrocyte fibers. Together, these ex- 
periments indicate that the injection of the stem cell progeny does not lead 
to glial scarring and that the implanted cells preferentially differentiate into 
oligodendrocytes in resopnse to the nonmyelinated CNS. 

Although we have demonstrated a significant amount of myelin formation 
in the mutants, their short life span may limit the extent of myelination that 
is possible during this period. Because of the short interval between cell 
injection and sacrifice it is possible that some cells retained the potential to 
divide and myelinate at a later lime. To address this issue, we performed 
[^H]thymidine autoradiography on semithin sections to determine the extent 
of cell division in the injected and the uninjected mutants in the regions of 
myelination. pH]Thymidine labeling was seen within the myelinated patches 
in all animals examined. This is consistent with the development of stable, 
mature oligodendrocytes within the core of myelinated fibers, whereas in 
regions containing naked axons a few precursor cells remain with the capacity 
to divide. It is important to note that we observed no hyperplasia or hypercel- 
lularily as a result of the injections in any of the animals examined in this 
study. Although the number of labeled cells seen at the periphery of the 
myelinated zones in the injected animals appears to be significantly greater 
than that seen in the naive md rats, quantitation of labeling indices is required. 
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Differentiation and Survival of Epidermal Growth Factor-Responsive 
Stem Cells, Genetically Tagged with Escherichia co// /3-Galactosidase 
Gene, When Implanted into Mouse Cerebral Cortex 

We were interested in determining if the genetically tagged stem cell progeny 
would integrate into the developing CNS and if they would continue to 
express the reporter gene in vivo. Reports have demonstrated the negative 
regulation of retroviral long terminal repeats (LTRs) in transplanted cells, 
possibly through the actions of cytokines within the CNS (14). Proliferating! 





Fig. 3 Genetically modified EGF-responsive stem cells express the /3-galactosidase 
reporter gene m vitro. A photomicrograph of genetically modified stem/precursor cells 
mfected with a retrovirus containing the /3-galaciosidase gene (a). Cells containing the 
gene exhibit a characteristic blue reaction product after X-Gal histochemistry (b) A 
higher magnification photomicrograph of (a), showing labeled cells migrating away 
from the sphere, extending processes, and taking on the morphology of differentiated 
CNS cells. Bar: 50 /im. 
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EGF-responsive cells are exposed to conditioned medium from the CRE 
BAG 2 packaging cell line (ATCC CRL 1858) for 1 day in the presence of 
Polybrene (8 Mg/ml). Following this exposure, the cells are selected in Genet- 
icin (400 Mg/ml) (G4I8; GIBCO). Antibiotic-resistant spheres form within 
the first week and some of these spheres are expanded for several passages 
to produce sufficient cells for implantation (Fig. 3). One- to 3-day-old CD! 
mice are anesthetized on ice. A small incision is made in the skin, a flap of 
bone IS retracted, and a 2- to 3-mm- area of cortex is removed by aspiration. 
Undifferentiated mouse stem cell progeny are prepared for injection as de- 
scribed m the previous section. Approximately 50.000 cells are injected into 
each animal, using a micropipette. Three to 4 weeks later, the animals are 
deeply anesthetized with pentobarbital and perfused with 4% paraformalde- 
hyde. The brains are removed, postfixed overnight in the same fixative, and 
cryoprotected in 25% sucrose and frozen in liquid nitrogen. The brains are 
cryosectioned (10-15 /xm) and every fifth section is taken through the implan- 
tation region and processed for /3-galactosidase activity, using the method 
of Vandaele et al. (15) with minor modifications. iS-Galactosidase-labeled 
cells are seen in all of the animals (Fig. 4). These results demonstrate that 
transgenes inserted in vitro can be expressed in vivo following transplantation 
of the genetically modified, EGF-responsive stem cells. 



Transgenic Mouse-Derived Neural Stem Cells: A Source of Marked 
Glial Cells for Central Nervous System Transplantation 

In the section Formation of Myelinating Oligodendrocytes (above), we de- 
scribed the implantation of the EGF-responsive stem cell progeny into the 
dysmyelinated CNS. In this transplant paradigm, the presence of abundant 
myehn at the site of the implant clearly identified cells of donor origin. 
However, for the majority of transplant studies, the identification of donor 
cells or tissues after implantation remains a significant challenge. In some 
cases It is possible to identify cells of xenogeneic origin within the host using 
species-specific antibodies such as M6 (16, 17). Current strategies used to 
tag donor cells prior to implantation suffer from inherent problems of dilution, 
toxicity, and stability of gene expression over the long term. Furthermore,* 
methods used to tag cells genetically in vitro with reporter genes generally 
suffer from low efficiency and the eventual identification of the cells i>i vivo 
IS made more difficult if a majority of the implanted cells are never labeled 
in culture. 

To provide a more stable and efficient method of cell labeling, we have 
used the promoter elements for the human glial fibrillary acidic protein 
(GFAP) gene (18) and the human myelin basic protein (MBP) gene (L. Wra- 
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Fig. 4 EGF-responsive stem cells» genetically modified in vitro, survive transplanta- 
tion. Photomicrographs of a section of cerebral cortex from a 4-week-old mouse that 
had been implanted with genetically modified cells on the day of birth (a and b). 
X-Galactosidase histochemistry was performed on free-floating, Vibratome sections. 
The large number of blue cells demonstrates that the genetically modified stem cell 
progeny can survive transplantation and express the transgene. Bar: 50 ^tm. 

betz, personal communication) to direct the expression of the Escherichia 
coli ^-galactosidase reporter gene in transgenic mice. Transgenic mice are 
produced using standard pronuclear injection of the MBP and GFAP con- 
structs into fertilized F2 mouse eggs derived by crossing B6SJLF1 parents. 
Transgenic lines are maintained by back-crossing to B6SJLF1 mice. Epider- 
mal growth factor-responsive stem cells have been prepared from individual 
fetuses from both of these transgenic mouse lines and propagated in the 
presence of EOF in serum-free, defined medium. In vitro, the stem cells 
derived from these transgenic animals appear to be identical to those derived 
from noniransgenic animals in their ability to proliferate and differentiate. 
When the stem cell progeny are allowed to differentiate, cell-specific expres- 
sion of the reporter gene occurs in astrocytes IGF A?-lacZ) and in oligoden- 
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drocytes (MBPHacZ) in a developmentally regulated manner. Identification 

wifh !nf^^^ !f" P^'""^ ^'^complished using double labeling 

w. h antibodies raised against GFAP (Dako) or MBP (Dako). The expression 
of the reporter genes is highly stable, as it is seen in thirtieth passage cultures 
and appears to be expressed in virtually 100% of the appropriate cells 
We are currently investigating the expression of the reporter gene afte; 
ransplantation m the rodent CNS. The use of mammalian pLotereremems 
hat are cell specific should eliminate the problems of inactivation or negative 
regulation seen with the use of retroviral LTRs. Transgenic mouse-derived 
neu al stem cells represent a novel means of obtaining genetically tagged 
stable populations of cells for transplantation. 



Conclusions 



Central nervous system stem cells represent a novel source of cell types 

Ahh2h .r"'''"' ^'^T"' °' glial cell replaceS 

^em ..t H '"Pf P'-^ented here are of a preliminary nature, 
stem cell derived from humans could prove to be widely applicable in CNS 
t ansplantation. Studies are in progress to examine the feasibility of inSucbg 
differentiation of the stem cell progeny in culture prior to transplantation in 
the CNS in order to produce neural cells with specific phenotypes • 
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Abstract 

Lipoleciamine -based iranst'eciion was u.sed as a method ot choice lo deliver the bacterial ^-aalaciosidase v:ene into human central 
nervous system (CNS) precursor cells. We achieved a iransfeciion etTiciency of 7.49f . )3-Galact()sidase expresMPi: cells were shown to 
display both neuronal and glial phenotypes. We also delivered ihe temperature sensitive allele of SV4() Lari:e-T antigen and obtained a 
high level of expression of the immonalizing t)ncoprotein in the cells. Colonies of Large-T antigen immunoreaciive cells were indeed 
visible 10 days after iransfection. 

Keywords: Human CNS precursor cell: Transfeciion: Lipofeciamine; Large-T antigen 



During the development of the central nervous system 
(CNS). niuliipotent precursor cells rapidly proliferate to 
give rise \o transiently dividing progenitors that will even- 
tually differeniiaie into the several cell types that compose 
the aduh hrain [18]. These precursors have been isolated 
from ihc embryonic CNS of several mammalian species 
and shown to retain properties of immature cells such as 
Nestin expression [16]. extended proliferative potential and 
the capaciix to give rise lo differentiated progeny [9,25]. 
The factors and genes that regulate CNS precursor cell 
proliferation and progenitor differentiation have begun to 
he investigated thanks to the identification of cell culture 
methodologies enabling specific populations of immature 
'.eils ii> he maintained in vitro [3.4.10.14.20.23.26] and to 
advances in gene transfer techniques that allow the intro- 
duction oi gencs of interest into these cells [2]. 

lntn>duciion o\ foreign genes into human CNS cells has 
only recenti\ been attempted. In a recent report the UicZ 
gene was vchicled^io human hrain progenitors via adenovi- 
ral vectors [24]. However, the possibility to genetically 
modify prol iterating human CNS precursor cells would he 
of fundamental iniponance for improving our knowledge 
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of events that occur in the human brain under normal and 
pathological conditions. Among the different methodolo- 
gies available to deliver foreign genes into primary rodent 
cells, retroviral vectors have been utilized most widely [6]. 
While the use of ecotropic host viruses to transduce genes 
into rodent cells presents no major safety risks, the need 
for amphotropic retroviruses to target human cells [7] 
generates limitations to their application due to the great 
biohazard that these vectors present. Strategies for aden- 
ovirus (Ad), adeno-associated virus (AAV) and herpes 
virus (HSV) mediated gene transfer have also been devel- 
oped [8.15]. Recombinant Ad as well as HSV have indeed 
been utilized in gene therapy due to their high efficiency 
of infection and reduced safety risks. Nevcrthlcss they 
rarely integrate into host genome as ihey remain a non-rcp- 
licating extrachromosomal entity [S.15]. Although AAVs 
have some attractive advantages (for example a preferred 
site of integration into the human genome) the limited 
knowledge on expression and t unction of .A.AV genes 
makes these vectors not yet widel> employed [15]. 

W ith the purpose of idem i lying eificieni gene transfer 
approaches ihai are suitable for human CNS precursor 
cells and thai avoid the use of viral \eclors, we have used 
the Lipoleciamine-bascd meihodologv and tested its effi- 
cietic\ tn ilelivering the bacterial /j-galaclosidase { ImvZ) 
gene Uccei)ii>. iransfection melluvK^logics that utilize a 
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xiniiLir hpui-hasca iXMiJOin have hcL-n succcsshilly applied 
lu nulciu priiiKiiA culluics ol hippDcaiiipal ncll^oll^, ailou- 
tn- lo ohiain a iiansrcclion cmccnc) t)t approximately .V/r 

Mulnpoicniial human tola! CNS precursor cells were 
ptcM.nisK ohiaiued Irom the diencephah)n of a lO^.S-week- 
old fetus '[:7l. These cells have been serially subcullured 
and e\panded tor longer than ! year in serum-free growth 
medium containing epidermal growth factor (EGF) and 
shoun lo have a duplication time of approximately 30 days 
( AA'.. in preparation). No changes in their growth charac- 
icristics or differentiation potential (see below) were ob- 
served over this period (A.V.. not shown). Human CNS 
precursors, as well as their rodent homologues. maintained 
in EGF-containing medium, grow in suspension forming 
aiiiireiiates of variable sizes named ' ' neurospheres' ' 
[23.26.27]. It has been observed that upon removal of the 
growth factor, these cells can differentiate into neurons, 
expressing multiple neuronal antigens, as well as glia 
[23.26.27]. 

The day before transfeciion the human "'neurospheres" 
were collected and dissociated using trypsine 0.5 X in 
Cvr' /Mo-'-Uqc HBSS for 10 min at 37°C. Dissociated 
cells were plated onto laminin-coated (20 /zg/ml) 24-well 
dishes. Transfection was performed using the Lipofec- 
tamine method (Gibco-BRL, Life Technologies. Italy). We 
achieved the best working conditions by varying several 
parameters. In particular we varied the density of cells 
seeded, the amount of DNA and Lipofectamine utilized, 
and the time of exposure to the reagent (shown below). 
The dav after transfection cells were rinsed 3 times with 
PBS (S'g/l NaCI, 0.2 g/1 KG. 1.15 g/I Na_,HPO,, 0.2 
g/i KH,PO, ) and fresh growth medium was added. To 
identify the best transfeciion conditions we utilized the 
CMV-/3 plasmid carrying the LcicZ E. coli gene under the 
control of the CMV promoter: plasmid DNA was prepared 
using cesium chloride purification. Results shown in Fig. I 
indicate that the optimal parameters to obtain the highest 
percentage of histochemically reacted X-Gal positive hu- 
man CNS cells are 2 X 10- cells/cm". I Mg o( DNA. 29c 
Lipofectamine and 5 h of exposure to the reagent. Under 
these conditions the efficiency of transfection (number of 
blue cells over number of plated cells) reached lA9c (Fig. 
1 A and Fig. 2A). When different amounts of plasmid DNA 
or Lipofectamine were used (Fig. I A) or when exposure 
limes 10 the transfectant or number of cells seeded were 
varied (Fig. I B). a decreased efficiency of transfection was 
observed. In particular conditions (asterisks in Fig. I) a 
reduced cell viability was observed as evaluated by Trypan 
blue exclusion. Furthermore, we found that concentrations 
of Lipofectamine over 27c were toxic to the cells. 

This transfection procedure did not alter ihe ability of 
ihe cells to differentiate. Following transfeciion. the cul- 
tures were incubated for 6 days in .serum- free medium 
deprived of growth factors, and thereafter cells were fixed 
wilh paraformaldehyde. Transfected cultures uere 
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Fig. i. EtTiciency of transfeciion into human CNS precursor cells. In A. 
rcNults are provided as absolute number of blue cells out of 2 x 10^ 
cells/cm- which have been exposed to Lipofectamine for 5 h. Cells were 
transfected with increasing amount of plasmid DNA in the presence of 
O.y^f <0). \7c i%) and :<~r ( ) Lipofectamine. Percentage of blue cells 
in each condition is also mdicated. The number of transfected cells was 
estimated by counting all blue cells present in a 2 cm" dish. Duplicate 
dishes were counted per each condition. In B. the number of transfected 
cells (expressed as percentage) is evaluated after different exposure times 
i<> the reagent or under \ahous plating densities, in B cells were trans- 
fected wilh I /i2 of plasmid DNA in the presence of 2% Lipofectamine. 
Other combinations of DNA and Lipofectamine were less effective- 
Asterisks m the graphs indicate the conditions in which cell viability was 
reduced <over ."^O^r of dead celts as judged by Trypan blue exclusion). 
Data shown are from one out of three experiments that provided similar 
results. 



therefore double-stained for /3-galactosidase and for ihe 
neuron-specific microtubuie-associated protein MAP2 or 
the glia-specific intennediate filament GFAP. For the iden- 
tification of the phenotype of ihe transfected cells, the 



coinhiiuiiion of llic Z iiiNioL hcinic;il icaciion with the 
inimunoJcicciion ot MAP2 or GI'AP was also iiliii/.cd. As 
shown in Fig. 2B. cells exprcssinu ^^-galactosidasc arc 
positive for MAP2. In the insei a transfectcd bipolar cell is 
visible. In Fig. 2C ^^-galaclosidasc positive cells (leli 
panel) are immunolabelcd with anii-GFAP antibodies (right 
panel). As .shown, the majority of the cells in the figure are 
double labeled with the two antibodies. Examples ot" a 
transfecied cell that tails to express GFAP (arrow) and of 




B-gal — B.GFAP 



two GFAP posiii\c uturaiiNtcctcd -cll^ (arrov^hcadl arc 
alst) visible providing evidence on tiic spccificit) of the 
immunodeieciions. In the culture conditions utilized only a 
proportion ol the cells dilterentiatc nuo glial cells, thus 
accounting for the presence of iranstecied cells not ex- 
pressing GFAP (arrow in panel O. 

We also observed that dissociated human CNS precur- 
sor cells which were induced to difterentiate were also 
susceptible to iransfeciion (not sho\ui). Under these condi- 
tions, efficiency of iransfeciion uas t)nl\ slightly lower 
(approximately V/c). This resuli indicates the possibility lo 
analyze gene function in mature human CNS cclK. 

We were interested in whether an immortali/ing onco- 
protein could be expressed in human CNS prccurst>r cells. 
The establishment of immonal human CNS precurst>r eel! 
lines would indeed represent an invaluable experimental 
tool in studies of cominiiment. differentiation and gene 
function in neural cells of human origin. The availability 
of oncogenes and the understanding of some aspects of 
oncogenesis, along with the advent of efficient gene trans- 
fer systems, allow for an approach to the establishment of 
neural cell lines that offers several advantages over ihe 
spontaneously transformed and tumor derived cell lines 
obtained in the past. Oncogenes such as /;m and Largc-T 
antigen have been shown to exhibit immortali/ing abilities 
without fully transforming ihe cells. Furthermore, the dis- 
covery of mutant alleles of particular oncogenes has al- 
lowed the creation of cell lines in which the state of the 
cells could be regulated by altering the temperature of 



Fig. 2. A: human CNS precursor cells evpre>sinii ihc l^it '/. )ictw ;irc 
identified by ihe presence of a blue precipitate. Fi\e hours at'icr iranNlcc- 
tion. serum to a final concentration of 2^f v^as added \o the culitiro Un 4 
h and thereafter replaced with fresh serum-tree medium, the d;t\ altci 
fresh growth medium was added. Alter l-l h cells were lived with 
clutaraldehyde 0A9c in PBS 2 mM McCt; tor lt» mm. rinsed > iimes 
with PBS and exposed to Triton O.K/f. Transtecied cells were identilicd 
by exposure lo the chromogenic substrate 5-bromo-4-chliin>-;*-mdi0\l-/i- 
i>galactoside (X-Gal: 40 mg/ml) in PBS. 2 niM Mv:C'l;. U 5 Nt 
K,Fe(CN)^, 0.5 M K,Fe(CN)„. 2.5^^ DMSO. (Maiinilicaih.n: KHI s ) 
Scale bar. 100 m^. B-C: transfecied human CNS celts diHcicntiatc mit> 
neurons (B) and glial cells (C). Alter iranstectioii the cclK were mcubaicd 
in serum-free medium and allowed ii) ditiercniiaie lor h da>s. l ived 
cultures were reacted with X-Gal and sub^equenll^ exposed to a mono- 
clonal antibody against MAP: (Boehrineer Mannheim*. Ihe presence i>l 
the antigen was revealed b\ incubatm«j ilie .clU with a seeondar\ HKP 
ami-mouse antibody toltowed b> DAB rea.tton. Ihe arrowheads indicate 
MAP2 staining in a ^-Gal expressini; cell '.irrow nulieaics ihe presence 
of the blue precipitate). Inset: a iranstecied bi|M»lar cell with elaborated 
processes. In C is a dtuible nnnuinohisi»vhemical reaction with moiitt- 
clonal aniibod) against /j-dal (leti panel > and a pi»l\elonal aniibod\ 
ai:ainsi GF.APtri'jht panel) tollowed b\ MTC'-anii-inouse and *fKl f(*-an- 
lirabbit antibodies (Vector. DBA. Ilal> t A Ninall cluster ol uaiistecicd 
( (i-Gal posimel celK thai pi*»babl\ hail iiiulei ;_'*'ne a tew rounds ot cell 
dnisioiisiN Msihlc Aiiowliead unir.iii^le^ !.\U clK ki;jlu panel Cil Aris 
expressed m a xiibsei ol ^-(ial posih\e ces'tN aiul (arrowhead) in untians- 
leeted cells \ Cd-Al' ncLMiixe iiaiislecieJ wcll i^ aU.. visible (arrow) 
Scale t\u. Ml f.iu\ 
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i!n>vvlh in vitro [12]. Several neuronal and iilial celi lines, 
wiih immortalizini; features, have been developed usiny 
this technique. Many of these cell lines have properties of 
the respective primary cell types from which they derive 
[1. 5. 1 9.2 1. 22). However, all ol' these immortalized cell 
lines have been obtained from rodent CNS, with the 
exception of a few cell lines generated by itiimorializint: 
human astrocytes [17.28]. 

By following the same experimental procedures identi- 
fied for the expression of the UtcZ gene, we delivered the 
pZipSVtsA58U 19 plasmid. carrying the temperature-sensi- 
tive allele of SV40 under the control of a retroviral LTR 
into human CNS precursor cells. Cells were fixed at 
different lime points after transfection and processed for 
immunohisiochemistry utilizing the monoclonal antibody 
Pab 419 again.st the Large-T antigen oncoprotein [II]. As 
shown in Fig. 3. 4 days after transfection. single labeled 
cells could be identified (Fig. 3A and Fig. 3B) that ex- 
pressed the oncoprotein at high levels in the cell nuclei. 
After 6 days. Large-T antigen expre.ssing cells had under- 
gone duplication (Fig. 3C and Fig. 3D), giving rise to 
doublets of cells that were still positively stained. Ten days 
after transfection a proportion (up to \09c) of these dou- 
blets of cells were still slowly but progressively expanding 
and colonies of immuno-labeled cells could be identified 
(Fig. 3E and Fig. 3F). 

To our knowledge, these data provide the first indica- 
tions on the possibility to target exogenous genes into 
immature human CNS cells using an efficient gene transfer 
approach alternative to viral-based methodologies. Further- 
more, we found that cells transiently transfected with an 
immortalizing oncogene show high levels of expression of 
the oncoprotein which is maintained for several days after 
transfection. This argues in favor of the possibility of 
obtaining human CNS precursor cell lines with an in- 
creased and unlimited proliferative ability which may pro- 
vide a plentiful source of neurons and glia suitable for 
transplantation as well as for in vitro studies on the 
physiology of human brain cells. 
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Neural stem cells in the lateral ventricles of the adult mouse 
CNS participate in repopulation of forebrain structures in vivo 
and are amenable to /n vitro expansion by epidermal growth 
factor (EGF). There have been no reports of stem cells in more 
caudal brain regions or in the spinal cord of adult mammals. In 
this study v^e found that although ineffective alone, EGF and 
basic fibroblast growth factor (bFGF) cooperated to induce the 
proliferation, self-renewal, and expansion of neural stem cells 
isolated from the adult mouse thoracic spinal cord. The prolif- 
erating stem cells, in both primary culture and secondary ex- 
panded clones, formed spheres of undifferentiated cells that 
were induced to differentiate into neurons, astrocytes, and 
oligodendrocytes. Neural stem cells, whose proliferation was 



dependent on EGF+bFGF, were also isolated from the lumbar/ 
sacral segment of the spinal cord as well as the third and fourth 
ventricles (but not adjacent brain parenchyma). Although all of 
the stem cells examined were similarly multipotent and expand- 
able, quantitative analyses demonstrated that the lateral ven- 
tricles (EGF-dependent) and lumbar/sacral spinal cord 
(EGF-i-bFGF-dependent) yielded the greatest number of these 
cells. Thus, the spinal cord and the entire ventricular neuroaxis 
of the adult mammalian CNS contain multipotent stem cells, 
present at variable frequency and with unique in vitro activation 
requirements. 

Key words: stem cells; spinal cord; ventricles; renewal; mul- 
tipotent; epidermal growth factor; basic fibroblast growth factor 



After formation of the neural tube, a period of prolonged histo- 
genesis, which continues until shortly after birth, results in the 
formation of the mature CNS. In few instances (discussed below) 
does neuronal production continue into the adult. Moreover, the 
adult mammalian CNS shows virtually no capacity for neuronal 
replacement after injury or disease. Thus, it has been accepted 
that the adult CNS does not contain stem cells, those specialized 
cells that participate in cell replacement in tissues that require 
constant turnover, such as the skin and hematopoietic system 
(Hall and Watt, 1989; Potten and Loeflier, 1990). 

Recently, a series of studies, fueled by evidence for mitotic 
activit)' in the subependyma of the forebrain lateral ventricles 
(Smart, 1961), have lead to the proposition that neural stem cells 
are indeed present in that region (for review, see Weiss et al., 
1996). Morshead and van der Kooy (1992) showed that the 
subepcndxma comprised mbced populations of cells, some of 
which were mitotically active, and that some of the progeny 
underwent cell death. Subsequently, it was demonstrated that 
mitotically active ceils within the subependyma, when explanted 
into culture, could generate neurons and giia (Lois and Alvarez- 
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Buylla, 1993) and that adult neuronal precursors in the sub- 
ependyma migrated to the olfactory bulb to replace dead or dying 
granule neurons (Lois and Alvarez-Buylla, 1994). Thus, a process 
that had first been shown to take place in the neonatal brain 
(Luskin, 1993) persists into adulthood. Coupling these findings 
and our earlier observation that epidermal growth factor (EGF)- 
responsive self-renewing cells isolated from the adult striatum 
could generate neurons and glia in vitro (Reynolds and Weiss, 
1992), we asked whether these cells were located in the sub- 
ependyma and were part of the mitotically active population in 
vivo. The use of high [^HJthymidine concentrations to kill cells 
that were rapidly turning over provided evidence for a relatively 
quiescent cell with identity to the in vitro EGF-responsive cell, 
whose presumptive role is to repopulate the subependyma 
(Morshead et al., 1994). These studies support the presence of 
multipotent stem cells in the mammalian forebrain that partici- 
pate in repopulation of the subependyma and olfactory bulb. 

Persistent neuronal and glial genesis also occurs within the 
dentate gyrus of the adult rodent hippocampus (Altman and Das, 
1965; Bayer et al., 1982; Cameron et al., 1993), and in vitro studies 
demonstrate that basic fibroblast growth factor (bFGF) can sup- 
port proliferation of adult hippocampal neuronal and glial pro- 
genitors (Palmer et al., 1995). The only other report of persistent 
turnover throughout the adult CNS is that of astroglia (Altman, 
1963; Korr, 1980); however, it is unclear whether this turnover 
occurs in place or is the result of the migration of precursors from 
the ventricular zone. In this regard, however, there is little evi- 
dence for mitotic activity in other ventricles (Chauhan and Lewis, 
1979) when compared with that of the subependyma. As opposed 
to the quiescent nature of the cerebral ventricles (other than the 
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lateral ventricles), some mitotic activity has been reported in the 
adult spina! cord (Adrian and Walker, 1962; Kraus-Ruppert et aL, 
1975). including a small number of cells that line or are near the 
central canal (Adrian and Walker, 1962). Frisen and colleagues 
(1995) demonstrated increased mitotic activity after spinal cord 
laminectomy resulting in the generation of glia from nestin- 
positive cells. The authors suggest that these new glia arise from 
precursors that may be present close to or within the ependymal 
lining. Some previous studies (for review, see Bruni et al., 1985) 
have suggested that the ependyma may still contain cells with 
neuroepithelial potential. Ray and Gage (1994) have demon- 
strated that bFGF can stimulate embryonic spinal cord neuroblast 
proliferation; however, actions on adult cells have not been re- 
ported. Thus, in the present study we asked whether the adult 
spinal cord, when dissociated and plated in culture, could yield 
proliferating muitipotent stem cells. 

MATERIALS AND METHODS 

Primary culture of adult brain tissue. Adult mice (male and female CDl, 
Charles River, St. Constant, Quebec, Canada) were killed by cervical 
dislocation. The brain and/or spinal, cord were placed in 95%0'y/5%CO^ 
oxygenated anificial cerebrospinal fluid ((aCSF) containing "l24 mM 
NaCJ, 5 mM KCl, 1.3 mM MgCU, 2 mM CaCU. 26 mM NaHCOj, o-glucose, 
and penicillin-streptomycin solution 1:25 (Life Technologies, Gaithers- 
burg, MD), pH 7.35, -280 mOsm] for further dissection. The precise 
regions and their dissection are illustrated and described in Figure 7 and 
its legend, respectively. The tissue, regardless of origin, was cut into 
smaller pieces (-1 mm^) and transferred into spinner flasks (Bellco 
Glass) with a magnetic stirrer filled with low Ca-+, high Mg^" aCSF 
(containing 124 mM NaCl, 5 mM KCl, 3,2 mM MgCU, 0.1 mM CaCU, 26 
mM^ NaHCOa, 10 mM D-glucose, and penicillin-streptomycin 1:25,' pH 
7.35, —280 mOsm), and an enzyme mixture (1.33 mg/ml of trypsin, 0.67 
mg/ml of hyaluronidase, and 0.2 mg/ml of kynurenic acid). The stirring 
tissue suspension was aerated with 95%Oy5%CO: at 32-35''C for 90 min. 
After this enzymatic incubation period, the tissue was transferred to 
DMEM/F-12 (1:1; Life Technologies) medium containing 0.7 mg/ml of 
ovamucoid (Sigma, St. Louis, MO) and triturated mechanically with a 
fired-narrowed Pasteur pipette. The dissociated cell suspension was cen- 
trifuged at 400 rpm for 5 min, and the pellet was washed once and then 
plated (5000-10,000 viable cells/ml) in noncoated 6-well (2 ml volume) 
Nunc tissue-culture dishes in media composed of DMEM/F-12 (1:1), 
including HEPES buffer (5 mM), glucose {0.69c), sodium bicarbonate (3 
mM). and gluiamine (2 mM). A defined hormone and salt mixture com- 
posed of insulin (25 Mg/ml), transferrin (100 MS^ml), progesterone (20 
nM), putrescine (60 ^m), and sodium selenite (30 nM) was used in place 
of serum. To the above medium, EGF or bFGF (human recombinant; 
Chiron Corporation, Emeryville, CA) or both were added at 20 ng/ml. 
Primary stem cell proliferation was detected after 7-8 d in vitro and 
characterized by the formation of spheres of undifferentiated cells 
(Reynolds and Weiss, 1992). 

Dissociation and perpetuation of EGF+bFGF-generated spheres for 
clonal analyses. (Schematic representation is given in Fig. 5). To test 
whether the EGF+bFGF-responsive cell exhibits self-maintenance, two 
different experiments were carried out: (pathway 2 of Fig. 5) plating of 
single cells derived from primary EGF+bFGF-eenerated spheres into 
96-well plates and (pathway 3 of Fig; 5) dissociation of single 
EGF+bFGF-generated spheres. For plating single cells, a single primary 
EGF+bFGF-generated sphere was collected after 8 d in vitro, mechani- 
cally dissociated, and serially diluted to yield approximately one to two 
cells per 10 ^1 aliquot. A 10 ^1 aliquot was added to each well of a 96-well 
plate containing 200 of EGF+bFGF-coniaining medium. Plates were 
scored 24 hr later. All wells that contained one viable cell were marked, 
and these wells were rescored 8 d later for the presence of spheres. Single 
spheres were dissociated by taking a 10-100 ^1 aliquot of 8 d in vitro 
EGF+bFGF-generated spheres and transferring the spheres into Nu- 
cleon 35 mm tissue<uUurc dishes with EGF+bFGF-containing medium. 
Under sterile conditions, single spheres were transferred to 500 yX Ep- 
pendorf tubes containing 200 pl\ of medium, triturated 20-40 limes, and 
plated into a 96-weli plate. The plates were scored 8 d later for the 
number of spheres derived from a single sphere. 
Differentiation of EGF+bFCF-generated spheres. Eight to ten days 
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after the primary culture or secondary culture (21 d for singie-cell- 
derived spheres), spheres were removed with a pipette, spun down at 
400 rpm, and resuspended in EGF+bFGF-containing medium. The 
spheres were differentiated in single-sphere cultures (pathway 1 of Fig. 
5). Single isolated spheres were plated on poly-L-ornithine-coated (15 
Mg/ml) glass coverslips in individual wells of 24-wel! Nunclon (1.0 
ml/well) culture dishes in DMEM/F-12 medium with the hormone and 
salt mixture and EGF+bFGF. Medium was not changed for the rest of 
the experiment. Coverslips were processed 21-25 d later for indirect 
immunocytochemistry. 

Antibodies. Rabbit antiserum to nestin (Rat 401; 1:1500) was a gift from 
Drs. M. Marvin and R. McKay; a mouse monoclonal antibody against the 
168 kDa neurofilament protein (clone RMO 270; 1:50) was generously 
supplied by Dr. V. Lee; rabbit antiserum to glial fibrillary acidic protein 
(GFAP; 1:1000) was a gift from Dr. L. Eng; mouse monoclonal antibody 
(IgM) to 04 (1:20) was a gift from Dr. M. Schachner; mouse monoclonal 
antibody to MAP-2 was from Boehringer Mannheim (Indianapolis, IN); 
and mouse monoclonal antibody to ^-tubulin (Type III; 1:1000) was from 
Sigma. Rabbit polyclonal antisera to Substance P (1:1000) was from 
Incstar, and to GABA (1:3000) was from Chemicon. Fluorescein- 
conjugated and rhodamine-conjugated aflRnipure goat antibody to mouse 
IgG, rhodamine-conjugated affinipure goat antibody to rabbit IgG, and 
AM CA -conjugated affinipure goat antibody to mouse. IgM were obtained 
from Jackson ImmunoRcsearch (West Grove, PA). • 

Immunocytochemistry. Indirect immunocytochemistry was carried out 
with spheres attached to glass coverslips, either immediately after plating 
(for nestin) or after 21-25 d in vitro (for triple-labeling and for neuronal 
phenotypes). Coverslips were fixed in 4% paraformaldehyde (in PBS, pH 
7.2) for 30 min, followed by three (10 min each) washes in PBS, pH 7.2. 
Nestin, Substance P, or GABA antisera were diluted in PBS/10% normal 
goat serum/0.3% Triton X-100 and incubated with the coverslips for 2 hr 
at 37*C. Coverslips were washed three times (10 min each) in PBS and 
incubated in appropriate secondary antibodies (1:100) for 30 min at 3T*C. 
For the triple-labeling experiments, cells were permeabilized briefly for 5 
min (0.3% Triton X-IOO/PBS) after fixation, followed by the addition of 
the neuron-specific monoclonal antibody to either MAP-2 or NFM (IgG) 
together with polyclonal antiserum to GFAP. Appropriate secondary 
antibodies were added, followed by incubation with monoclonal antibody 
to 04 (IgM), and a goat anti-mouse IgM specific secondary (AMCA) was 
used to visualize the 04 antibody. It is noteworthy that the permeabili- 
zation procedure renders the normal uniform staining of the extracellular 
antigen 04 (Reynolds and Weiss, 1993) to a punctate representation 
(Reynolds and Weiss, 1996; this study). Coverslips received three (10 min 
each) washes in PBS and were rinsed with water, placed on glass slides, 
and coverslipped with Fluorsave as the mounting medium. Fluorescence 
was detected and photographed on a Zeiss phoiomicroscope with Kodak 
T-Max 400 film. 

RESULTS 

Muitipotent cells that respond to EGF+bFGF can be 
isolated from the adult thoracic spinal cord 

In previous studies (Reynolds and Weiss. 1992; Morshead et aL, 
1994), we found that EGF induced the proliferation of muitipo- 
tent, self-renewing, and expandable stem ceils that were isolated 
from the adult subependymal cell layer of the forebrain. On 
proliferation, these cells formed spheres of undifferentiated cells 
that could generate neurons and glia. Thus, we asked whether 
similar ceils could be isolated from the adult spinal cord. Adiiit 
thoracic spinal cord was dissected, enzymatically dissociated, and 
plated in the presence of EGF (20 ng/ml) or bFGF (20 ng/ml). 
After 8 d in vitro, cells cultured in the presence of EGF showed no 
evidence of the characteristic spheres of proliferating ceils. In the 
presence of bFGF, very smaii clusters of cells were found; how- 
ever, these clusters could not renew (only 15% produced one 
secondary sphere) or expand (none produced more than one 
secondary sphere). When EGF and bFGF were combined, how- 
ever, large self-renewing and expandable spheres were generated 
(Fig. 1). Quantitative analysis showed that 8.6 ± 3.4 spheres/5000 
viable cells were generated. These spheres were similar to those 
isolated from the subependymal cell layer of the forebrain in that 
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Figure h Characteristics of spheres generated from isolated cells of the adult thoracic spinal cord. Ay B, An example of a single sphere generated from 
the adult thoracic cord {A), which was dissociated into single cells that yielded close to 300 spheres 1 week later, some of which are illustrated in B. C 
D, Spheres generated from the adult thoracic spinal cord contained no differentiated cells; however, virtually all cells within these spheres (C) expressed 
nesiin (D), an intermediate filament characteristic of undifferentiated neuroepithelial cells. Scale bars: A, 100 /nm; B, 50 ^m; C, 50 ^m; Z), 30 ptm. 



a single sphere (Fig. \A) could be dissociated and replated under 
identical conditions to yield more than one of itself (Fig. IB). 
Quantitative analysis showed that on average a single primary 
sphere yielded 127 ± 14 secondary spheres. Also similar to that 
observed in forebrain-derived cultures, both primary and second- 
ar\' spheres contained undifferentiated cells, as determined by the 
expression of nestin immunoreaciivity (Fig. IQD) and the ab- 
sence of antigens characteristic of differentiated neural cells (data 
not shown). 

We next asked whether the EGF+bFGF-generated spheres 
could yield differentiated neural cells when plated on a poly-L- 
ornilhine substrate. Single spheres were transferred onto poly- 
cation-coated glass coverslips in the continued presence of 
EGF-i-bFGF and cultured for an additional 21 d in vitro. The 
single-sphere cultures were then fixed and processed for triple- 
label immunocytochemistry. Antibodies to MAP-2 or NFM were 
used to identif)' neurons, whereas antiserum to GFAP and anti- 
body to 04 were used to identify astrocytes and oligodendrocytes, 
respectively. When MAP-2 was the antigen examined for neuro- 
nal ideniit>', every sphere was found to contain the three principal 
neural cell types (106/106 spheres from 23 separate primary cul- 
tures). An example is illustrated in Figure 2. As outlined in 
Materials and Methods, permeabilization renders the normally 
uniform staining with 04 to a punctate representation. This is 
illustrated in Figure 3, whereby an example of a nonpermeabilized 
04-immunoreactive cell (Fig. 2A\ typical oligodendrocyte mor- 
phology) is contrasted with a permeabilized 04-immunoreactive 
cell (Fig. 3B,C; selective, punctate staining) from a sister culture. 
Without such permeabilization, we could not clearly detect or 
distinguish neurons from the other two cell types when the three 



were examined simultaneously. Under these experimental condi- 
tions, 1.0 ± 0.2% of total cells were identified as neurons, 0.3 ± 
0.1% as astrocytes, and 0.7 ± 0.2% as oligodendrocytes {n = 20). 
The majority of the.remaining cells was immunoreactive for nestin 
(data not shown). 

When NFM was the neuronal antigen, 13 of 15 spheres (from 
three separate primar}' cultures) examined showed the three cell 
types. An example of NFM immunoreactivity illustrated in Figure 
4B shows the thin fibers that displayed immunoreactivity; cell 
bodies were rarely labeled. We next examined the presence of 
distinct neuronal phenoiypes in single-sphere cultures derived 
from the thoracic spinal cord. Eveiy sphere examined (37/37 
spheres from six separate primary cultures) contained GABAergic 
neurons (example given in Fig. 4£,F). Neurons that were immu- 
noreactive for substance P were also found (data not shown). 
Other neurotransmitter phenotypes, e.g., serotonin, tyrosine hy- 
droxylase, and choline acetyltransferase, were not delected in 
these single-sphere cultures. Thus, the neurotransmitter pheno- 
type of thoracic spheres was similar to that of both embryonic 
(Reynolds et al., 1992; Ahmed et al., 1995) and adult (Reynolds 
and Weiss, 1992) EGF-generated forebrain spheres. 

Clonal analysis demonstrates that the thoracic spinal 
cord cells that proliferate in response to EGF+bFGF 
are neural stem cells 

Recently, we and others have developed criteria for demonstrat- 
ing that a proliferating aduh CNS cell is a stem cell (Gritti et al., 
1996; Reynolds and Weiss, 1996). This involves examining the 
expansion of secondary clones derived from primary proliferating 
cells. These criteria are illustrated schematically in Figure 5. In 
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Fii^^tre 2 Single spheres derived from the adult thoracic spinal cord 
yielded neurons, astrocytes, and oligodendrocytes. A, A single, isolated 
sphere was transferred onto poly-L-omithine-coated glass coverslips, cul- 
tured for 3 weeks in the presence of EGF+bFGF, fixed, and processed for 
indirect immunocytochemistry. B-E, Triple-label immunocytochemistry of 
the sphere in A, illustrating the cells within the box (B), shows (C) 
MAP-2-, (D) GFAP-, and (£) 04-immunoreactive cells, with the mor- 
phology of neurons, astrocytes, and oligodendrocytes, respectively. Scale 
bars:-^, 200 fim; B~E (shown in £), 20 ptm* 

this scheme, a neural stem ceil can self-renew and expand, and the 
progeny of the secondary expanded clones should exhibit the 
same phenoiype as the primary cells. Thus, we tested the spheres 
derived from thoracic spinal cord, in the presence of EGF+bFGF, 
to determine whether they would satisfy these criteria. First, we 
showed that single cells, derived from single primary spheres, 
could proliferate and form spheres that generate neurons, astro- 
cytes, and oligodendrocytes (Fig. 6). Next, we compared the 
phenotype potential of primary spheres and secondary spheres 
derived from single-cell culture or total single-sphere dissocia- 
tions. The results are summarized in Table 1. When primary 
spheres were examined for their ability to generated neurons, 
astrocytes, and oligodendrocytes, all were found to be tripotential. 
This was also true for secondary spheres, both those generated 
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Figure 3. Examples of 04-immunoreactive cells in plated adult thoracic 
spinal cord spheres, with and without permeabilizalion. A, An 04- 
immunoreactive cell in a fixed, but nonpermeabilized. single thoracic 
sphere culture, demonstrating typical oligodendrocyte morphology. B, C, 
In a fixed and permeabilized sister culture, a single oligodendrocyte 
(arrow) is specifically stained in a punctate fashion with the 04 antibody. 
Scale bar, 20 ^m. 

through single-cell culture (11/11 spheres, six primary cultures) 
and those generated through single-sphere dissociation (79/79 
spheres, 15 primary cultures). The ability to self-renew, expand, 
and maintain the potential to produce the three major cell types 
supports the contention that the cells from the thoracic spinal 
cord that proliferate in response to EGF+bFGF are stem cells. 

Neural stem cells are present in other regions of the 
spinal cord and in the third and fourth ventricles 

The presence of self-renewing stem cells in the thoracic spinal 
cord, whose proliferation depended on the combined actions of 
EGF and bFGF, prompted us to examine whether similar cells 
reside in other spinal cord regions as well as line other ventricles. 
We hypothesized that such cells would line ventricles, given pre- 
vious findings that in the forebrain neural stem cells could be 
isolated only from tissue that contained the subependymal cell 
layer (Morshead el al., 1994). Thus, we compared the frequency 
and growth factor dependence of putative neural stem cells, 
isolated from the lateral, third, and fourth ventricles (with adja- 
cent parenchyma as a suspected negative control) and from the 
thoracic and lumbar/sacral segments of the spinal cord. Separat- 
ing central canal from adjacent spinal cord tissue was technically 
not possible. The precise dissection is outlined in Figure 7. We 
plated equivalent numbers of cells from the various regions and 
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Fi^re 4 Further characterization of the phenotypes of cells derived from stem cells of the thoracic spinal cord. A-D, Tnple-label immunocytochemisir>- 
of single spheres derived from the thoracic spinal cord, after 3 weeks of plating on poly-L-ornithine. A. Representative field shows (5) neurofilament M 
(160 kDa- QTTOwsY (C) GFAP, and (D) 04 immunoreactivity, characteristic of neurons, astrocytes, and oligodendrocytes, respectively. £, f . The pnncipal 
neuronal phenotype detected, after 3 weeks of plating on poly-L-ornithine, was G ABA, Indirect immunocytochemistry of a representative field (£) shows 
cells with neuronal morpholog>' that were GABA-immunoreactive (F). Scale barsM-D (shown in £>), 20 fim; F (shown m F), 30 ^m. 



counted the numbers of spheres generated per 5000 viable cells 
plated, in the presence of EOF or bPGF alone or together. Only 
those spheres that could be subcloned (as described above and 
illustrated later in Table 3) were counted. Our results, shown in 
Table 2, suggest that stem cells with different growth requirements 
and frequencies are present throughout the entire ventricular 
neuroaxis. First, only cells within the lateral ventricles yielded 
self-renewing and expandable spheres in response to EOF (26.7 ± 
3.7 spheres/50D0 cells). An identical number (26.8 ± 4.5) was 
found when EOF and bFGF were combined; however, in both of 
the other ventricular regions tested, neither EGF nor bFGF alone 
was sufficient to induce the formation of self-renewing, expand- 
able spheres. Moreover, there was a decreasing frequency from 



the lateral to the third and then fourth ventricle. The cultures of 
the third ventricle differed from all other regions in one regard: 
spheres took twice as long to form (14-16 d vs 7-8 d for all other 
regions). In all cases, no spheres were generated when the adja- 
cent parenchyma (as illustrated in Fig. 7) was cultured under 
identical conditions. 

When comparing the thoracic and lumbar/sacral regions of the 
spinal cord, where again self-renewing, expandable spheres were 
generated only with EGF+bFGF, we found that the greatest 
number of spheres was generated from cells of the lumbar/sacra! 
cord (32.6 ± 3.2). This represented an approximately fourfold 
greater frequency when compared with the thoracic cord. More- 
over, this represented the greatest frequency in relation to all 
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Figure 5. Schematic representation of approaches used to establish adult spinal cord stem cell proliferation, self-renewal and expansion, and production 
of neurons, astrocytes, and oligodendrocytes. The experimental approaches to demonstrating self-renewal and expansion of stem cells in response to 
EGF-fbFGF are shown. When primary, dissociated adult cells are exposed to EGF+bFGF, spheres of undifferentiated ceiis'^are generated. (1) 
Differentiation of single primary spheres results in the production of neurons, astrocytes, and oligodendrocytes. (2) Dissociation of single primary spheres 
into single cells, which are plated after serial dilution as 1 ceWwell, generates clonally derived secondary spheres. Differentiation of single secondary 
spheres results in the production of neurons, astrocytes, and oligodendrocytes. (3) Dissociation of single primary spheres into single cells, all of which are 
plated into one well, results in more than one secondary sphere. Once again, differentiation of these single secondary spheres results in the production 
of neurons, astroc>ies, and oligodendrocytes. 



regions tested. Given the differing tissue dissections, however, 
comparisons with the ventricles would be difficult. Furthermore, it 
may be argued that with differing thicknesses/enlargements of the 
spinal cord, even comparisons between the segments may be 
misleading. Thus, we compared the frequency of EGF+bFGF- 
generated spheres from cervical, thoracic, or lumbar/sacral spinal 
cord, this lime normalizing for length of spinal cord. Our findings, 
shown in Figure 8, confirm the results given in Table 2. First, the 
comparison between thoracic and lumbar/sacral cord showed a 
three- to fourfold greater frequency of spheres in the latter 
regions. Furthermore, the frequency of spheres in the cervical 
cord (not previously examined) was the lowest of all of the spinal 
cord regions. 

Although in all previous studies the formation of spheres was 
generally indicative of it being derived from stem cells, e.g., 
tripotential cells with self-renewal and expandable properties, 
we wished to confirm this to be the case for all of the regions 
examined. Thus, we compared the ability of spheres generated 
by EGF+bFGF, from the five regions examined, to self-renew/ 
expand and generate the three cell types. The results are shown 
in Table 3. Primary (« = 9-23 individual cultures) and second- 
ary {n = 4-15 individual cultures) spheres were examined in 
the manner illustrated in pathways 1 and 3 of Figure 5. All 



primary spheres, regardless of region of origin, displayed an 
impressive ability to expand, yielding -79-127 secondary 
spheres. The differences between regions were not statistically 
significant. Furthermore, in virtually all cases (430/433 individ- 
ual spheres), neurons, astrocytes, and oligodendrocytes were 
generated in primary and secondary spheres. The three sec- 
ondary spheres of the third ventricle contained neurons and 
astrocytes only. Therefore, using the criteria established above 
for embryonic cells that generated spheres (Reynolds and 
Weiss, 1996) and for thoracic spheres (Figs. 1-5, Table 1), it is 
reasonable to conclude that the spheres generated from all of 
the ventricles and spinal cord regions in response to 
EGF+bFGF are derived from multipotential, self-renewing 
stem cells. 

DISCUSSION 

The results of this study suggest that multipotent stem cells are 
present in the adult spinal cord and throughout the entire yen- 
tricular neuroaxis. Although stem cells isolated from the forebrain 
subependymal zone proliferate and expand in response to EGF 
alone (Reynolds and Weiss, 1992; Morshead et al., 1994), the 
stem cells of the third and fourth ventricles and spinal cord 
require the combined actions of EGF and bFGF. All of these stem 
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F/^n- 6. Pnmary spheres from the adult thoracic spinal cord give rise to clonally derived, multipotent secondary spheres.^-//. Multipotent secondar\' 
spheres are derived from a single cell. A single cell (arrow) dissociated from a primary sphere {A) after 24 hr. After 5 d in vitro {BY the cell has becun 
pV'p^KPrp f '"^8^^P^"^ 14 d m xiiro (C). The sphere was transferred to a glass coverslip and cultured in the presence of 

w M A p V A^A D ^ 'P^^'^ processed for indirect immunocytochemisiry. The box designates the field (£) that, through triple-labeling 

; ^^^^'.^"f immunoreactmiies. revealed the presence of neurons {F. short arrow), astrocytes (C. long arrow), and oligodendrocytes (W, 
arrowhead), respectively. Scale bars: A-C (shown in C), 50 ^im; O, 140 E-H (shown in //). 30 ptm 



cells share two hallmark properties: self-renewal/expansion and 
multipolency, as defined by the production of neurons, astrocytes, 
and oligodendrocytes by single stem cells (Gritti et al., 1996; 



Reynolds and Weiss, 1996; Weiss et al., 1996). Taken together 
with previous studies of adult neural stem cells< however, these 
findings suggest that heterogeneity likely exists between (1) pri- 
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Table 1. Multipotency of primary and renewed adult thoracic spinal 
cord stem cell-derived spheres 



Experimental protocol 



Number of 
independent 
primary cultures 



Frequency of spheres 
containing neurons, 
astrocytes, and oligo- 
dendrocytes 



Primary culture 23 
Single cell culture 6 
Single sphere dissociation 15 



106/106 
11/11 
79/79 



The experimental protocols correspond to those outlined schematically in Figure 5. 
Indirect tmmunocytochemistry for the three neural antigens is described in Materials 
and Methods. 



mary stem cells (those removed from the brain) and the secondary 
stem cells they produce in culture and (2) stem cells in different 
ventricular regions, which may be related to their origin and/or 
functional roles in vivo. 

A noteworthy finding in this study was the combined actions of 
EGF and bPGF in inducing proliferation of stem cells from the 




Figure 7. Regions of the adult CNS examined for the presence of growth 
faaor-responsive stem cells. A-D, Ventral view of the adult mouse brain 
(A), illustrating the coronal sectioned regions that were used to dissect 
lateral ventricle (B), third ventricle (C), and fourth ventricle (£>). Dark 
lines illustrate the regions considered ventricular, whereas stippled lines 
illustrate nonventricuiar regions of the same thick section. £, Adult mouse 
spinal cord, illustrating the regions dissected as thoracic {T2~T13) and 
lumbar/sacral (L6-C0J). As detailed in Results, stem cells were isolated 
from all ventricular regions examined but not from the adjacent paren- 
chyma. Scale bar: each graduation is 1 mm. 



Table 2. Frequency and growth factor dependence of primary 
multipotent stem cell-derived spheres 



Numbers of self-renewing, expandable 
spheres/5000 cells plated (mean * SEM) 



Brain region 



EGF 



bFGF 



EGF + bFGF 



Lateral ventricle 
Third ventricle 
Fourth ventricle 
Thoracic cord 
Lumbar/sacral cord 



26,7 ± 3.7 



26.8 ± 4i 
6.1 ± 1.4- 
1.0 ± 0.3 
8.6 ± 3.4 

32.6 ± 3.2 



The brain regions indicated arc those shown schematically in Figure 7. The data are 
the mean t. SEM of spheres formed after 8 d in culture in at least four independent 
culture preparations, each condition pcrfomicd in duplicate. Basic FGF was tested 
in the absence of added heparin [sec Discussion and Gritti et al. (1996)]. 
" Counted after 14-16 d. 

spinal cord and third and fourth ventricles. Basic FGF has been 
reported to cooperate with other signals in allowing the long-term 
renewal of both pluripotential embryonic stem cells (Matsui et al., 
1992) and 0-2A glial progenitor cells (Bogler et al., 1990), and 
thus the cooperative nature of the response is not unusual. Our 
result, however, is in contrast to previous reports of EGF 
(Reynolds and Weiss, 1992) and bFGF (Gritti et al., 1996) indi- 
vidually as mitogens for subependymal/forebrain stem cells. Two 
questions arise immediately. First, why was bFGF reported to be 
ineffective in the first report (Reynolds and Weiss, 1992) of adult 
forebrain stem cells? Second, what can one conclude/propose 
regarding the in vitro actions of bFGF and/or EGF on adult spinal 
cord stem cells? The first question can be answered by comparing 
findings reported in this study for thoracic spinal cord stem cells 
with those of the lateral ventricle/forebrain (Reynolds and Weiss, 
1992; Gritti et al., 1996). In the cultures of thoracic spinal cord, 
although EGF alone does not produce any spheres, bFGF alone 
will produce very small spheres. These bFGF spheres can be 
dissociated; however, they will never produce more than one 
secondary sphere, and only 15% of the time do they actually 
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Figure 8. The in vitro generation of spheres derived from isolated cells of 
the adult spinal cord is greatest in the Lumbar/Sacrai segment. The 
number of spheres generated in the presence of EGF+bFGF in vitro was 
determined for the three regions of the spinal cord indicated and was 
normalized to the length of spinal cord tissue dissected. The data repre- 
sent the mean i SEM of duplicate determinations in six independent 
culture preparations. 
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Table 3. Expansion and multipotency of growth factor-generated spheres derived from various brain regions 



Brain region 


No. l"" spheres 
(mean ± SEM) 


No. of cultures 


No. of spheres 


No. N+A+O 


Lateral ventricle 


79 ±20 


V 9 


37 


37 








9 


9 


Third ventricle 


84 ±21 


y 10 


33 


33 






7" 6 


33 


30" 


Fourth ventricle 


107 ± 22 


" r 12 


37 


37 








54 


54 


Thoracic cord 


127 ± 14 


1° 23 


106 


106 






2" 15 


79 


79 


Lumbar/sacral cord 


110± 11 


r 9 


34 


34 






2' 5 


11 


11 



The left-hand column is a comparison of the expandability of primary spheres, generated in the presence of EGF + bFGF. from the indicated regions. No. T spheres refers 
to the numbers of secondary spheres counted in a well where all of the dissociated cells of a primary sphere had been seeded. The data for those single-sphere dissociations 
arc the mean r SEM of 10-20 primary spheres dissociated within each region. The remaining three columns refer to the muliipotcntial nature of primary spheres and ihcir 
proEcny, the secondary spheres produced through subcloning. The total numbers of individual experiments and spheres examined arc given, l^ Primary culture; 2% secondary 
culture. 

" Three spheres contained only neurons and astrocytes. N+A+0, Neurons + astrocytes + oligodendrocytes. 



renew themselves. We found that forebrain stem cells responded 
in a virtually identical fashion to bPGF alone (J. Hewson and S. 
Weiss, unpublished observations). Gritti et al. (1996) added hep- 
arin to their cultures of forebrain stem cells, and the actions of 
bFGF changed dramatically, resulting in the production of larger 
spheres with the potential to expand. The lack of this cofactor 
serves to explain why we reported that bFGF did not mimic EGF 
in inducing proliferation and self-renewal/expansion of stem cells 
in our early forebrain study (Reynolds and Weiss, 1992). 

The second and perhaps more intriguing question, regarding 
the respective roles/actions of EGF versus bFGF in neural stem 
cell proliferation, points to differences between primary stem 
cells and their progeny, the secondary stem cells produced in 
culture. After this study reached completion, we read the study 
of Griiii et al. (1996), which reported successful subcloning of 
bFGF-!-heparin-responsive stem cells in cultures of adult fore- 
brain, similar to what we reported earlier with EGF-stimulated 
adult forebrain stem cells (Reynolds and Weiss, 1992). When 
we compared the generation of thoracic spinal cord stem 
cell-generated spheres in the two growth factor combinations, 
e.g., EGF-rbFGF versus bFGF+heparin, we found that both 
conditions produced similar expandable, multipotential 
spheres (C. Dunne and S. Weiss, unpublished observations). 
Considering the observation that EGF alone gives no spheres 
and bFGF alone gives very small spheres that cannot expand, 
we propose the following. Our working hypothesis is that 
primar}' thoracic spinal cord stem cell division is stimulated by 
activation of the bFGF receptor. Adequate heparin, likely in its 
proteoglycan form, is present on the primary cells to support 
proliferation (Spivak-Kroizman et al., 1994) in the absence of 
any added in culture. The proliferation of secondary stem ceils 
can be stimulated by either bFGF (requiring heparin) or EGF. 
In support of this hypothesis are preliminary results whereby 
primary 8-d-old spheres generated in either EGF+bFGF or 
bFGF+ heparin were successfully subcloned in EGF alone (C. 
Dunne and S, Weiss, unpublished observations). 

Given the model proposed above for thoracic spinal cord stem 
cells and noting the in vitro response of forebrain stem cells to 
EGF alone (Reynolds and Weiss, 1992; this study), it seems 
plausible to conclude that the primary stem cells isolated from the 
lateral ventricles and spinal cord differ in their response to growth 



factors. Might this be related to different mitotic activities within 
these distinct adult CNS regions? As outlined in the introduction, 
the principal region of mitotic activity in the adult brain is the 
subepedymal cell layer of the lateral ventricles (Smart, 1961; 
Morshead and van der Kooy, 1992). Other than the subependyma, 
only the central canal (ependyma) of the spinal cord has been 
demonstrated to exhibit significant mitotic activity (relative to any 
other ventricles) in the adult (Adrian and Walker, 1962; Kraus- 
Ruppert et al., 1975). These mitotic activities, however, differ 
remarkably with respect to the location and number of cells, 
normal fate of the progeny, and response to injury. First, in the 
lateral ventricles, the vast majority of significant constitutive pro- 
liferation is within the subependyma (Smart, 1961; Morshead and 
van der Kooy, 1992), whereas in the spinal cord it is the ependyma 
of the central canal and not the subependyma that contains most, 
albeit few in number, of the mitoticaliy active cells (Adrian and 
Walker, 1962). Moreover, even within the ependyma, the labeling 
index for the central canal was 8%, whereas that of the forebrain 
lateral ventricles was 22% (Kraus-Ruppert et al., 1975). Second, 
although Lois and Alvarez-Buylla (1994) convincingly demon- 
strated that mitoticaliy active cells of the subependyma migrate 
rostrally to the olfactory bulb to produce new neurons, previous 
studies of the spinal cord found no evidence for new neurons or 
for migration of the mitoticaliy active cells of the ependyma 
(Adrian and Walker, 1962). Finally, it is interesting to note how 
these two mitoticaliy active regions respond to injury. When the 
striatal parenchyma adjacent to the lateral ventricles is injured by 
a kainic acid lesion or a knife cut, there is an increase in mitotic 
activity in the subependyma, but no new cells migrate into the 
injured areas (Morshead and van der Kooy, 1992) (D. van der 
Kooy, personal communications). On the other hand, Frisen and 
colleagues (1995) recently showed that after laminectomy, new 
astrocytes appear to migrate from a region adjacent to the central 
canal to contribute to the glial scar. These authors concluded that 
a progenitor or stem cell population may indeed be present near 
or in the central canal, which can be identified by nestin expres- 
sion, and it is this population that is mobilized and recruited to 
injury sites as part of the formation of the glial scar. In summary, 
the mitotic activities of the lateral ventricles/subependyma and 
central canal differ in many respects. Thus, it is plausible that two 
populations of stem cells, which clearly subserve at least two 
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distinct functions in the adult in vvVo, are present in the lateral 
ventricles and spinal cord, respectively. Consequently, when they 
are isolated in vitro, it is perhaps not unexpected that these two 
populations respond differently to growth factors. 

In addition to those issues discussed above, at least three 
additional questions remain unanswered, the latter two specif- 
ically regarding the stem cells isolated from the adult spinal 
cord. (1) How do our findings relate to those of Palmer and 
colleagues (1995), who have generated bFGF-dependent long- 
term cultures of neuronal and glial progenitors from both 
ventricular and nonventricular adult brain regions? It is possi- 
ble that different culture conditions by Palmer et al. (1995), 
e.g., use of serum and higher concentrations of bFGF, may 
allow for stimulation of growth from nonventricular regions, 
something we never observed in our cultures whether 
EGF+bFGF or bFGF+heparin was used. It is difficult to 
compare the exact nature of the cells that respond in the 
bFGF-dependent cultures, because clonal analyses were not 
performed; however, we concur with the authors* speculation 
that one difference between the ventricular and nonventricular 
zone might' be the primitive nature of the cells. Thus, the 
ventricular zones likely contain the most primitive stem-like 
cells, those isolated in our study. The nonventricular zones 
(parenchyma) may contain more restricted progenitors, many 
of which may require more complex signaling to be mobilized. 
(2) Do the spinal cord stem cells have the potential to produce 
motor neurons? Although Gritti et al. (1996) report the pres- 
ence of ChAT-immunoreaciive neurons in cultures of forebrain 
stem cell progeny, we have yet to observe such neurons in any 
of our spinal cord stem cell progeny cultures. The culture 
conditions, e.g., presence of additional factors, may influence 
these expressions. In fact, the continued presence of 
EGF+bFGF likely underlies the low yield of differentiated 
cells, in comparison to that observed by Gritti and colleagues 
(1996). They suggest that removal of the mitogen allows for 
enhanced differentiation. It is noteworthy, however, that the 
addition of serum to plated adult forebrain spheres does not 
enhance neuronal differentiation, as was the case for embry- 
onic stem cell progeny (Vescovi et al., 1993; Reynolds and 
Weiss, 1996), but seems to attenuate the process (C. Dunne 
and S. Weiss, unpublished observations). (3) To what extent do 
these findings in the mouse spinal cord extend to higher mam- 
mals? There are preliminary meeting reports of human equiv- 
alents to the embryonic stem cells that have been isolated and 
propagated in cell culture (Cattaneo et al., 1995). In addition, 
preliminary studies suggest ^hat neural stem cells, which re- 
spond to EGF+bFGF, are present in the adult primate fore- 
brain and spinal cord (S. Weiss, unpublished observations). 

The presence of neural stem cells in the adult spinal cord and 
in the third and fourth ventricles raises some interesting practical 
considerations. In addition to putative roles in continued histo- 
genesis of the adult CNS (to be determined), these ceils may be 
amenable to modification and manipulation. Recently, Craig and 
co-workers (1996) demonstrated that infusion of EGF into the 
lateral ventricles resulted in enhanced proliferation of cells in the 
subependymal layer. Moreover, the cells migrated laterally and 
medially, in contrast to their normally circumscribed route along 
the rostral- caudal ventricular axis. Six to nine weeks after re- 
moval of the mitogen, new neurons and glia were observed in the 
striatal parenchyma. Thus, neural stem cells may be mobilized in 
liVo, and new neurons and glia can be delivered to sites within the 
mature CNS. It is reasonable to conclude from the results of the 
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present study that such mobilizations may be possible in other 
regions of the mature CNS, such as the spinal cord. In particular, 
when speculating about their putative endogenous propensity to 
produce glia, one can envisage manipulating spinal cord stem cells 
in two different circumstances. The relative numbers of oligoden- 
droglia and astrocytes would be critical in maintaining normal 
myelination in demyelinating conditions. In addition, the glial 
microenvironment may be modified after axotomy, to allow for 
enhanced regrowth. Additional studies aimed at understanding 
the endogenous in vivo properties of spinal cord neural stem cells, 
coupled with identification of the signaling molecules that direct 
the generation of specific lineages in vitro, will serve to guide the 
development of such strategies. 
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Glial cell transplantation into myelin-deficient rodent 
models bzs resulted in myelination of axons and 
restoration of conduction velocity. The shaking (sh) 
pop canine myelin mutant is a useful model in which 
to test the ability to repair human myelin diseaises, but 
as in humans, the canine donor supply for allografting 
is limited. A solution may be provided by self- 
renewing epidermal growth factor (PX>F)-respoQsive 
multipotential neural progenitor cell populations 
(**neurospheres''). Nonadherent spherical dusters, 
similar in appearance to murine neurosphercs, have 
been obtained from the brain of perinatal wildtype 
(wi) canine braio and expanded in vitro in the pres* 
ence of EGP for at least 6 months. Most of the cells in 
these dtisters express a ncstin-related protein. Within 
1-2 weeks after removal of EGF, cells from the 
dusters generate neurons, astrocytes, and both oligo- 
dendroglial progenitors and oligodendrocytes. TVans- 
plantation of lacZ-expressing wt neurospheres into the 
mydin-de&dent (md) rat showed that a proportion of 
the cells differentiated into oligodendrocytes and pro- 
duced myelin. In addition, cells from the neurosphere 
populations survived at least 6 weeks after grafting 
into a 14Klay postnatal sh pup redpient and at least 2 
weeks after grafting into an adult sh pup redpient 
Thus, neurospheres provide a new source of allogendc 
donor cells for transplantation studies in this mutant 
J, NeuroscL Res. 50:862-871, 1997. 
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INTRODUCTION 

Accumulating research in animal models raises 
hopes of using glial transplantau»n in therapy for human 
mydin diseases. Glia firom a range of sources can 
myelinate axons in various recipient environments (re- 
viewed in Duncan and Milward^ 1995: Franklin and 



Blakemorc, 1995; Duncan, 1996). Most rasearch uses 
rodent redpieots with inherited myelin disorders (re- 
viewed in Dunc£^ and Milward, 1995; Duncan, 1996) or 
with chemically induced demyelinating lesions (Blake- 
more and Crang, 1983; Blakemorc et al., 1995), but there 
are obvious limitations to extending such studies to 
humans. Myelin diseases such as muldple sclerosis may 
develop over years, whereas most rodent myelin mutants 
die before adulthood. Glial cells grafted into rodents can 
migrate substantial distances (1-2 cm) but may need to 
travel much farther to reach surgically inaccessible le- 
sions in humans. Mechanisms of difFercntiation, myclina- 
don, or remyelination may also differ between species. 
Most studies on human glia have not found close 
resemblances to rat oligodendruglial growth factor re- 
sponses, andgcnic profiles, or adult pnigenitor cells, 
although some .similarides do exist (Kennedy et al., 1 980; 
Dickson et al., 1 985; Yong et al., 1 988; Aloisi et al., 1 992; 
Armstrong et al„ 1992; Yong and Antel, 1993; Gogatc ct 
al., J 994; Satoh and Kim, 1994; Scolding ct al., J 995). 

The canine shaking (sh) pup model may help bridge 
the gap between rodents and humans. Like some rodent 
models and cenain forms of the human Pelizaeus- 
Merzbacher and X-linked spastic paraplegia diseases, it 
arises from an exonic point mutation in the proteoHpid 
protein gene (Nadon et al., 1990). The mutation arose 
spontaneously in Welsh springer .spaniels and causes 
severe tremor from about 12 days of age afu:r birth, 
followed by Jute onset convulsions (Giiffiihs ct al., 1981 ; 
Duncan, 1995). The central nervous sy.stcm (CNS) is 
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severely hypomyelinaicd, with reduced numbers of ma- 
ture oligodendrocytes (Duncan et al., 1983). Death nor- 
mally occurs at about 3-4 months of age, but animals can 
live over 2 years with intensive rearing. 

Xenografts of normal canine oligodendrocytes my- 
elinate axons in myelin-dcficiem (md) rats (Archer et aL, 
1994), and allografting of canine glia into sh pup spinal 
cords shows thai sh pup axons can be remyelinaicd 
(Archer et al^ 1997). Allografting reduces immunologic 
complications but raises the problem of obtaining suffi- 
cient donor cells for transplantation, a common difficulty 
widi species other than rodents. A solution may lie in the 
use of self-renewing, multipotential, growth factor-respon- 
sive neural progenitor cell populations^ which grow in clusters 
dubbed ^'ncunviphcres^' (Reynolds and WcLv;, 1992, 1996; 
Reynolds et al, 1992). CeUs in these populations generate 
neurons and astrocytes (Reynolds and Weiss, 1992, 1996; 
Reynolds ei al., 1 992) and oligodendroglial ceils (Hatnmang 
ei aU 1997; Reynolds and Weiss, 1996) in proponions 
that may be influenced by environmental manipulation. 
Murine neurosphcrcs grafted into the mJ rat CNS gener- 
ate cells that myelinate host axons (Hammang et al., 
1 994). Expandable multipouintial populations of growth 
factor-responsive cells from the canine CNS could 
circumvent limitations of tissue availability for transplan- 
tation studies or in vitro analysis. 

Although the presence of normal protcolipid pro- 
tein or normal myelin production can distinguish normal 
Jrom mutant oligodendrocytes after transplantation, both 
approaches arc susceptible to technical or inicrpretational 
ambiguities. Recent glial transplantation has used lac Z 
expressing cells, obtained by suible transfecdon of rodent 
glial lines (Tontsch et al., 1994; Franklin ct sd., 1995, 
1996) or from transgenic mice expressing /ocZ under 
myelin protein promoters (Hammang et aL, 1994; our 
unpublished data). Currently, no canine glial lines exist 
and neither approach can readily be applied in this 
species. Instead, we have tested the ability of the third 
generation PG13 retroviral vector system (Miller et al., 
1991 ) to transduce lacZ expression in canine cells. Vector 
packaging in this system uses the Gibbon ape leukemia 
virus env protein, which includes both canine and human 
cells in its host range (Miller et al., 1991). A icecptor, 
QLVRl, for this cnv protein is expressed abundantly in 
brain, with particularly high expression early in cmbryo- 
fieiaesis (Johann ct al., 1992; Kavanaugh et al., 1994), 
making diis system an ideal candidate for labeling canine 
neural progenitor cells. 

We have obtained expandable multipotential popu- 
lations of growth lacior-rcsponsive cells from the normal 
canine CNS and Uransduced these to express lacZ to 
provide labeled allogeneic donor cells for transplantation 
studies in sh pups or for xenografting into md rat 
recipients. We have also obtained similar populations 
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from muumt sh pup brain, which should enable further 
study of the effects of the sh mutation on CNS cells. 

MATERIALS AND METHODS 

Preparation of "Neurosphcrcs*' From sh and wt 

Littermate Pups 

Wildtype (wt) and sh pups were obtained from a 
colony at the University of Wisconsin. Donors were aged, 
from embryonic day 40 to postnatal day 8. After euthana- 
sia with barbiturate solution, brains were placed in 
artificial high-Ca^*. low-Mg^"*" cerebrospinal fluid solu- 
tion (2 mM CaCli, 1.3 mw MgCh, 124 mM NaQ, 5 mM 
ICQ, 26 nu^ NaHCOj, 10 mM D-glucose» pH 7.35) and the 
subventricular caudate nucleus, internal C£4>sule, putamen/ 
pallidum, and ventral mesencephalon separated and 
minced (< 1 mm^). Aliquots were dispersed mechanically 
by trituration or with enzymes (Reynolds and Weiss, 
1992). All trituration was performed first with standard 
bore, then with Cre-pi)]ished Pasteur pipettes, with the 
exception of trituration performed before transplant into 
fnd rau; (see below), which used sequential passage 
through 20-» 23-, 25-, and 27-gauge needles. After 
filtration (35 jam nylon mesh; Small Parts, Miami Lakes, 
EL), suspensions were centxifuged (5"C, 5 min, 400;?), 
dispersed in EGF ^ medium, comprised of 20 ng/ml 
mouse submaxillary gland EGF (Collaborative Research^ 
Bedford, MA) in Dulbecco's Modified Eagle's Mediiun/ 
F12 (1 :1) with additives as given elsewhere (Reynolds et 
al.f 1992), and plau^ in uncoated tissue culture flasks. To 
obtain adherent differentiated populations, ceUs were 
collected by centrifugation (5®C, 5 rain, 400^), resus- 
pendcd in EGF" medium (the .same base medium but 
with 1% fetal bovine serum replacing EGF) and plated on 
dishes coated with poly-L-omiihine (10 jig/ml). 

InDununofluoresceoce 

Rabbit polyclonal antibodies were used to detect 
ncstin (Rabbit 130 from Dr. R. McKay, National lasrituus 
of Neurological Disorders and Stroke, BeUiesda, MD) 
and 68 kD neun>filament protein (from Dr. P. Gambetti. 
Instiwte of Pathology, Case Western Reserve Univenjity 
School of Medicine, Cleveland OH). Monoclonal antibod- 
ies were Rat 40 1 anri-nestin (Developmental Studies 
Hybridoma Bank, Iowa City, LA), 04 and O I (from Dr. 
M, Schachner), and Ranscht anti-galactoccrebrosidc (GC) 
(Boehringer Mannheim. Indianapolis, IN). All other anti- 
bodies, conjugates, and nonspecific immunoglobulins 
were from Jactson Immunorcscarch Laboratories (West 
Gtove, RA). Negative controls wore provided by omission 
of primary antibody or replacement with nonimmune 
rabbit serum or nonspecific mouse iimnunoglobulin. 
Secondary antibodies were the fluorescein-conjugauxs 
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ooat anti-rabbit IgG and '"'i-"^^"''* 
"oLaatcd EOdt anti-mouse IgM. and bioUD-SP-conju- 

X4%1^ornuildehyde (10 min, room temperanire)^ 
Ltibodies were diluted in 5% normal g<»^ 
^sphate buffered saline (with ^■^'^^^^^.^'^t 
Ltilwdies to nestin). Aside from ann-GFAP (4 C, over 
aSiS^diesv/ereincubatedl-ZhratnJomtempw^- 
lt fSov^ by at least three buffer washe^ After 
ture. louov/ca Ranscht). samples were 

surface anugen labeling ^^-.^TTZ J^Qi(yy) for 
incubated in 5% glacisd aceue ««d^9S%^ol 0^v) or 

fibrillary ac.d^prot.m^^^ 

Staining for combinations oi v^, co*«riiM 
asd^scribed elsewhere (Armstrong ei al-.^992). Sample 
wc^^Tounted in CitiRuor (UKC Cbcn^?^ La^"^°^ 
Sterbury. UK) containing bisbennmide H33342 fluom- 
chjome (Calbiochem, U JoUa. CA). 



•ftansducUon of lacZ Expression in Canine 
Neurospheres 

The PG13 retroviral packaging system, provided oy 
or iT ^den National Instinite of Mental Health 
firhidrMD) was maintained and used as previously 
SSbS'(Sr etal.. 1991, 1993). Media cond^don^ 
f^r rivs with packaged, defective, retroviral vector was 
^etS ateS^CO .45 Mm), and used direcUy or s^n«l 
7^70^ Activity was confirmed using the Rat2 fibro- 
/wMi .1 1001 1993^ Titers were m the 
blast line (Miller ct al.. 1991. ly^fi). 

Older of 10* colony fornung units per 

^ZrS were passaged (with trituration) mto media 

^^inro?EGF* medium:PG13-conditioned medium 

'^^.^ cells w?re pdletedf C 5 ^n, 400, . resu^nded 

cS^shes for immunocytochermstry as above o 
5!S«no-4-chloro.3-indolyl p-l>galactosidase (X-gal) 
staining (TonKch et al., 1994). 



Transplantation of Canine Neurospheres Into sh Pup 

Recipients ^ . . 

Recipient pups (aged either 14 days or 7 months) 
were premedicated with analgesics and sedaUves, in- 
with an ultra-short-acting barbiturate, then in^ 
bated and maintained with isoflunme and 78en^^<^^ 
laminectomy was performed ai thoracic and lumbar f"" 
T13-L1 L1-L2, and L2-L3. Using a surgical micro- 
Icop^ a durotomy was earned out at each Jf^'^^^^ 
tue A glass micropipette (30-jun bote) was inserted intt 
^spinal cord and 2-4 ^ of ^y^'^^^^^^J;^^;^ 
inject^ over a 1 -minute period by using ^ "^'^^"^^^J": 
lator and Hamilton syringe. Respmition 
widi the neuromuscular blocking agent succinylchoUne 
Sig the injection to minimize 'Pint^^'^T'tr S 
don sles w«* marked with sterUe charcoal a fat gr^i 
in each laminectomy defect and muscle. sub«^^ 
n«^tissue and skin reapposed. Two to six >;'«^ 
Stion. pups were anesthetized, fixauve-perfusei and 
S for X-gal then transverse sUces wer« Epon 
embedded for 1-pm sectioning and "aimng with 
p-phenylenediamine (Tontscb et al., 1994). 



Implantation of Canine Neurospheres 

After centrifugauon a.s above, ceUs -'^J^ 
^A^m EGF+ medium and either pipene tnmrated, 
Hol^^f^emoval of undi-ssociated spheres by nylon 
^h mtndon (35 pm). or tritxirated with n^cs ^ 
^rAfter TrypanBlue viability asse^^andco^^ 

iM cells were pelleted as above, resuspended at 25.00»- 

loiudon with 0.01% bovine serum albumm andplaced on 
ice until uansplaniauon into sh pups. 



TtanspUntation of Canine Neurospheres Into nui Rat 
Recipients 

Cells were exposed three umes to 
containing medium that had been stored at -70 C (one 
freezeSw cycle). This boosted the if^sd-cuon effi 
d^cy obtain^ with stored media. Initial overnight 

vSS exposure, centrifugation, and rc^^V^^^^ 
EGF^meSum were as described above; after 48 hr^ceUs , 

t« ag^passaged widi trituradon into EGF* mejum: 
^3iondiuoned medium (1:1) with polybmne (4 p^ 
S i^ubated 4 hr. then centrifugcd and resospended as 
TOs wa.. repeated 72 hr later. Cells were pa.^saged 
v^rtriuuation 48 hr later, and after a finthcr 24 hr 
as above, except that the -^^^^f, 
2S'/4- and 27-gauge needles sequenually. and Pla^w^o^ 
for^splantation. The md rat redpienLS were from a 
SS^yT^ University of Wisconsin. Transplantation 
CL rat spinal cord consisted of either one or two 
iniections the latter I mm aparu each of 1 jil at 25-50,000 

published protocols (Hammang '^V'^'' '^J^^^^."/^"; 
were treated daily with Cyclosponne A (10 mg/kg body 
wS^hTconditions of final anesthesia, ussue fixanon^ 
;;^smg for X-gal revelation Epon -^cdduig. ^^^^^ 

Usverse .secuoning. and P-Phe'»yl':"*fSS " S e' 
have been described (Hammang ct al.. 1994. Tont.ch et 

•dl. 1994). 
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RESULTS 

PreparaUon of Neurospheres From sh Pup and wt 
Littermate Pups 

Wc lesied various tissue dissociation techmques on 
several regions from embryonic or postnatal wr canine 
Saius. Donors were aged be^veen ^^^o^^f^ fj^^ 
nostnaial day 2 (canine gesiauon is about 63 days). Cd^s 
fiSHnbryos multiply more rapidly and have been 
exDandfid in vitro aileasi 6 months. . ,^ , 
^^urosphere-likc duster, were derived from each 
of the subveniricular caudate nucleus, internal c^sule, 
putamen/palUdum, and ventral mesencephalon. For a^i 
oj^ol^ the putamen/pallidum was consistently the 
S^^t source both in clu-ster yield., and in long^ 
^nainability of cultures. Subventncular and ventnl 
mUccphJonrcgionswcretherich^tso^c^of^^^^^^^^ 
spheres from embryonic and po-smatal pups and the most 
Sienable to sustained in vitro expansion a.s is also the 
case in both embiyonic and adult mice (Reynolds^d 
^iss 1992; Reynolds ct al., 1992; Hammang et al.. 
1994 'l997). Separate canine prepar4tions were subse- 
iu«Uy maie from (1) ventral -"e..encephalo„^d (2) 
"striatum." comprised of pooled caudate nucleus and the 
adjacent portion of the inner capsule. 

Rodent neurospheres arc obuincd from Q^S by 
trituration alone or after enzyme ^^^^^^J^'f^^^""^^:^^ 
Weiss. 1992; Reynolds et al.. 1992). Triwrati^fl<r 
routindy generated neurospheres from canine CNS. but 
l^e^u^amiem failed to give useful yields from some 
p^and subsequently wa.s not used. Moreover con,- 
with rodent ncurospherc., even after isolauon 
Se neurospheres were harder to di«oc«ate d;mng 
subsequent pa.«aging or for differenaation ^^^^^^^ 
forceful triwration failed to disperse all clusters and^ 
. gauged by Trypan Blue exclusion, damaged as many as 
80% of ceUs (daU not shown). 

In the murine neurosphere ^y^^'":;:;'^'^^!^"^ 
first isolated from the CNS there is a penod ot cell death 
ovile first 5 days in vitro. foUowed by progen^r 
division leading to sphere fom.at.on (Reynolds et aU 
i992) This was not observed in the canine .sy tern. 
Insuiu adhaent spherical clusters of refracule cells of 
E^appearance were first detectable at 4 hr postplat- 
inT^d readily apparentby 12 hr in both str,aial »d 
• vliral mesencephaUc cultures. As P«1'^^«<1°^ 

filtered before plating, these clusters may ar..se from tell 
ag-rcgauon. Nonadherem spherical clusters contaimng 
' four or more refracule cells were observed >«>dun 1^2 
hr postplaiing in essentiaUy all culture.^ (Fig. I A-)- Debm 
J unhealtlTy or dead-looking cells were typjeaHy P«- 
sent daring the first 14 days, but aPP»«"f 
spheres of increa.Mng sir-c continued to he observcQ 



throughout this time. Dispersion of large clustet^ dur ng 
pa.ssaging (see Methods and previoas paragraph) ytddcd 
bJth .Lioi darters and individual cells, w,th subsequent 
sphere growth allowing expansion at a split rauo ot 1:2 
every 2-4 weeks for at least 6 months 

After expansion by passaging between two to nine 
times in the presence of EOF. adherent diflferenaated 
oooulations were obtained by partially dissoaating neuro- 
spheres by triturauon and plating onto poly-i.-om.th.ne 
substrata in EOF medium. (As noted above, spheres 
could not be completely dissociated without exc«i.s.v6 
cell destruedon.)CelU were fixed 1 hr to 28 days later. By 
1 hr postplating. spheres had attadied to the sub.straaim. 
By 24 te, emVeni cells began to form monolayer 
"halos" around spheres. , 

Rai40l monodonal and rabbit polyclonal 130 anti- 
bodies were used to reveal expression of ncstm, a neural 
progenitor marker, in striatal or ventral mescncephdon- 
Sed neurospheres. At 1 4. and 24 hr pos^au^. 
fluorescence was above background levds in most cells 
(Piz IB) although labeling intensity with either anubody 
S*low compared with staining s«.n with Rai401 m 
murine systems (Hammang et al.. 1994; our unpubbsh^ 
observations), suggesung epitopic deferences between 
cS^ld ^denfnestin species. Both ceUs in elust^ 
and some cells in the monolayer expressed nesim. but by 
Thr postplatiDg many cells in the mono ayer wem 
apparently unlabeled (Fig. IB) and no ne.st.n sta.mng was 
detectable after 10 days in vitro (not shown). Patterns of 
nS^taining were similar in cells origmally denvcd 
from diffcicm CNS regions- 

Monoclonal antibody to the 68 kD NF protem 
detected ceUs with morphologies resembling neurons or 
immature neuronal ceUs at 25 days Po^tplafng in l^d. 
striatal and ventral mcsencephalon-denvwl cultures (Hg. 

IC). AS revealed by this antibody, many of these cells had 
long, very fine processes. No ceUs ^^V^'^^f.^'^J^^ 
NF protein were detected at earlier tmies. Cells ex^^s- 
ine GFAP, some with stellate morphology, were deteacd 
at all times examined from 7 days posM>lating onwarf in 
both striatal and ventral mesenccphalon-dcnved cultures 

Markers used with or without concomitant GFAP 
staining to identify oligodendrocyte-typc 2 jjtrocyte 
UneagJeeUs were the 04 and Ranscht antigens (Sonmie 
and Schadmer. 1981; Ranscht et al.. J^^^^). 
^ ceUs expressing 04 were ^"^^^ 
surrounding spheres at aU tim« exammed from 7 days 
Dosmlauo" onward in both .striatal and ventral raesen- 
S^STderived cultures (Fig. 1 E) Some, but not aU. o 
Sr04+ cells also expressed GFAP- N*'!**^ 
rXe morphology nor proccss-beanng cdU wuh mor- 
phologies typical of 04+ cells were observed .n freshly 
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plated neurospherc cultures nor in ihe surrounding halos 
of cells migriiing out of the neurosphercf; in the first 24 
hours after plating. Ranscht antigen expression was not 
detecicd at either 7 or 10 days posiplating in any cultures 
but was observed ai 1 2 days p05icplaiing in all cultures in a 
very small percentage of 04^^ cells (esiimated to be 
«1%), These typically had morphologies classically 
associated with oligodendrocytes, with many highly 
branched pn>ccsses (Fig. IF). Such morphologies were 
not observed in freshly plated ncurosphere culttires nor in 



Fig. 1. Cencraiion and transplantation of EGF-rcsponsive 
canine neural progenitor populaiions. A: Preparalion from the 
i-tiiaium of a normal E45-50 pup at 4ii hr alter isolation from 
ihc CNS, showing spherical clusters resembling ncurosphcres 
ccOTUinmg rcfraciile cells of heallhy appearance. B: Ncsilin 
immunorcactivity (green) occurs in cells within and around 
spheres in normal E50 canine striatal ncurosphere preparations 
24 hr after plaiing in EGF medium. Some surrounding cells, 
visualized by nuclear labeling with Hoechst bisbcnadmide 
H33342 (blue), do not express nesdn. C: Cells from normal 
E50 canine striatal neurosphcrus 25 days after plating in EGF 
medium, labeled for the 68-kD neurofilament protein (grccn) 
and Hocchst bisbenzimide H33342 (blue). D: Cells from 
normal £50 canine striatal neurospheres with sicilaie and other 
moiphologies expressing GFAP (blue) 7 days after pladng in 
EGF medium. Nuclei arc also labeled blue widi Hocch.Kt 
33342. which docs not label cell proccjwes, allowing GFAP- 
negaiive cells to be visualized (arrows). E: Expression of 04 
antigen (red) in ccJbi from normal E50 canine ventral mesen- 
cephalon neurosphcrcs 12 days after pladng in EGF" medium. 
F: Occasional 04-posilive cells also react with the Ranscht 
ttnu-galaciocerebroside anubody at this time. C: Expression of 
lacZ in normal canine neurosphcres after transdaciion using die 
PG13 retroviral vector system. H: Transverse section of die 
spinal cord of a 2-monih $h pup, 6 weeks after transplantation 
of Lie Z-labclcd wt canine neurosphcrcs at 14 days after birth. 
Blue clusters arc visible in several regions of the cord (arrows). 
I: Traawerse section of the spinal cord of a 7-lS-month sh pup. 
2 weeks after transplantation of /acZ^labeled wi canine ncuro- 
spheres. A blue cluster is visible in the lateral column of the 
spinal cord (arrow). J: Microscopy of transverse sections shows 
graft cells apparently integrated normally into the adult sh pup 
cytoarchitecture (arrows). Vacuoladon in this sccdon is due to 
the method of fixation and not the transplanted cells. The 
section is countcrstained with paraphcnylenediamine. K: Blue 
clusters are visible for several millimctcri along the dowal 
midline of the spinal cord of zn md m that received lauZr 
hbeled canine neurosphcres 1 week after birth (1-mm markers 
on right). L: Tlie same spinal cord shown in K, showing blue 
labeling throughout the dorsal column at the site of injection. 
M: In a 1-fim section from the spinal cord shown in L» scattered 
myelixiated iibcrs (more than seen in nontransplanted md rats) 
are present. Details of a normal oligodendrocyte with a long 
cytoplasmic process extending to a myelinated axon (arrow) zct 
shown in the inseL Such cells arc not normally seen in areas 
outside of the transplant. 
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the surrounding halos of cells migrating out of the 
neurosphcrcs in the first 24 hr after plating from cither 
earlier or later passages. These morphologic observations 
and patterns of marker expression, in particular the' 
delayed and separate appearances of the Ranscht unligen 
and the 68-kD NF protein, provide direct evidence that 
differentiation along CNS lineages is occurring in this 
system. 

The PG13 packaging system uses the Gibbon ape 
leukemia vims env protein (Miller ci ah, 1991). The 
retroviral vector we used in this :system is based on the 
plasmid pLXSN and contains lacZ under the SV40 
promoter (Miller ct al., 1993). This vccu>r/packaging 
combination transduced lacZ expression in a substantial 
proportion of cells in the canine ncurosphere preparations 
generated from perinatal pups (Fig. IG). We first used 
allografting into sh pups to address the issue of whether 
neurosphere-derivcd ceibi can survive in the aduU sh pup 
CNS environment Adult sh pups arc extremely rare, and 
although the lifespan of xh pups can be increased to more 
than 2 years with inuinsive rearing, mdividual adults may 
nonetheless die at any time after 3-4 months even without 
the added risks arising from surgery. For these reasons, in 
this initial study, survival in an adult animal was exam- 
ined in the short term, and a posmaiiil animal was used to 
examine survival in the longer term. Fixation and prwcess- 
ing conditions for combined lacZ and myelin detection 
have been rciincd in numerous rat studies and are not 
optimal with respect to tissue preservation in the larger 
canine system, where animal rarity restrict*; optimization. 
Thus, the myelinating capacity of ncun)sphere popula- 
tions was examined by xenografUng into nui rats, which 
also provides more stringent environmental conditions 
than allografting. Aliquots of populations destined for 
allografts or xenografts were plated under differentiating 
conditions, as above and in Methods, for parallel exami- 
nation of in viln) differentiation and lac7, expression. The 
appearance of differentiation markers in diese cultures 
followed the same time course as was described above. 

Populations of proliferative canine neurospheres, 
originally derived from striatum of embryonic day 40-50 
normal pups, were transduced to express lac Z and 
transplanted into the spinal cords of a postnatal 14 day 
and an adult (7 months) sh pup. (Donor cells had 
undergone three and nine passages in vitro, respectively, 
before transplant) The posmaial pup was killed at 6 
weeks and the adult pup at 2 weeks posttransplant After 
X-gal staining, transverse sections of the spinal cord in 
the regions of the thoracic and lumbar injection sites 
(T13-L1, L1-L2, and L2-L3) revealed distinct clusters 
of blue patches in each of the posmaial and adult animals 
not only at the site of implantation in the dorsal column 
but also in the lateral or ventral columns and gray matter 
(Fig. IH, I), suggesting that migration of implanted cells 
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may have occurred. Our previous studies have shown that 
ihere is an acuie passive dispersion of cells only along the 
dorsal column, up to 8 mm &om the site of transplantation 
(Upsitz et al., 1995). Similar studies with Hoechst 
labeled cells have also shown a localization of trans- 
planted cells immediately after transplant to the dorsal 
columns (Zhang and Duncan, unpublished dau). The 
fixation used failed to preserve structures optimally in the 
^Hnh nmtant, but nonetheless light microscopy of tissue 
sections dearly demonstrated iocZ-expressing cells in 
association with areas containing myelin (Fig. 1 J). These 
cells appeared id have integrated into the surrounding 
cyioarchitectuic with no evidence of rejection. 

Xenografts into md rat recipicnu were used to 
obtain further evidence for the abiUty of neurosphere- 
derived cells to myelinate host axons in a myelin- 
deficieni environment. To facilitate routine studies in 
these rats, a triple exposure protocol was used for 
successful transduction of lacZ expression by using 
media conditioned witii packaged, defective, retroviral 
vector that had been stored frozen before use (Methods). 
Canine neurospheres were transduced to express lacZ and 
implanted into the dorsal columns of spinal cords of 
7-iiay postnatal md rats at die thoraci&4umbar (T13- 1. 1 ) 
junction (Methods). At 1 1 days posnransplant, low-power 
light microscopy revealed blue X-gal reaction product 
spread up to 6 mm along the dorsal midline of at least 
three transplant recipients in each of two separate expen- 
mcn« (Fig. IK). This typically appeared as clusteni of 
small blue patches or dots, rather tiian the more homoge- 
lieously distributed streak of blue-labeled cells often seen 
after glial cell transplantation (Tontsch et al., 1994). 
. Transverse sections (I jmi) of recipient spinal cords 
revealed grafted cells in the dorsal columns in areas 
containing myelinated axons (Fig. IL) and, strikingly, a 
grafted cell with a long cytoplasmic process in contact 
with a myelinated axon (Fig. IM). By electron micros- 
copy (EM), the myelin wa.s found to have a normal 
imraperiod line that is lacking in host myelin. 



DISCUSSION 

We have obtained cell populations from wr canine 
perinatal striatum and ventral mesencephalon that closely 
resemble murine EGF-responsive multipotential neural 
progenitor cell populations (neurcspheres). The clusters 
of canine cells are similar in appearance to murine 
spheres and can be expanded with passaging for at least 6 
months in viiro in the presence of EOF. On removal of 
EOF, cells within the clusters generate neurons, astro- 
cytes, and oligodendrogUa. Cells from these cultures can 
survive at least 6 weeks in postnatal and at least 2 weeks 
in adult sh pup recipients. This is the first time neuro- 
sphere transplant survival has been demonstrated in the 



adult CNS. Neurospheres thus provide a new source of 
allogeneic donor cells for transplantation studies in this 
mutant Moreover, grafting of wt neurospheres into md 
recipient spinal cords resulted in the production of 
apparendy normal myelin by graft-derived cells, showing 
thai these cells are able to myelinate a myelin-deticieni 
host The ability of neurosphere-derived cells to myelin- 
ate under xenograft conditions is encouraging for fuwre 
studies involving human neurospheres, which must first 
be v^icd by xeuografting. In addition, tiie PGl 3 retroviral 
veaor packaging system, based on the Gibbon ape 
leukemia virus env pretein, provides a new means of 
labeling donor cells. With a host range also including 
humans and rodents, this system is likely to be useful for 
transplantation studies in various species. 

Our observations of neurospheres witiiin a few 
hours of the initial preparation of cultures from the CNS 
suggest rapid extensive reaggregation of cells. Early 
"spheres" are imlikely to arise from proliferation of 
single progenitors as canine neurospheres grow slowly 
compared widi murine neurospheres maintained in identi- 
cal media (our unpublished observations). Human fetal 
neurosphere preparations also grow very slowly com- 
pared with murine preparations and may require different 
combinations of factors for optimal growth (B. Reynolds, 
personal communication), Fasusr growdi apparently oc- 
curred in preparations obtained from embryonic, as 
opposed to postnatal, canine CNS. Because initial yields 
from postnatal pups were in general lower than those 
obtained from embryos, the relative success of the latter 
may reflea either or both developmental differences in 
the proliferative capacities of progenitors or growUi- 
cnhancing autocrine effects, which may occur in higher 

density culmres. 

Removal of EGF resulted in the sequential appear- 
ance, over a period of 3^ weeks, of cells with distinctive 
differentiated morphologies expressing markers of rna- 
ture asuocytes, oligodendrocytes, and neuroas, which 
were not detected in fireshly plated neurosphere prepara- 
tions. Thus canine neurosphere-derived cells differentiate 
along at least two Uneages, although we could not verify 
that these neurospheres do, in fact contain multipotential 
cells rather than subpopulations of lineage-commitied, 
unipotential progenitor ceUs, because the slow growth 
rate of these cells has prevented clonal analysis to date. 
Qonal analysis has confirmed the existence of self- 
replicating neural stem cells in analogous EGF-respon- 
sive murine neural progenitor populations (Reynolds and 
Weiss, 1996), and the long-term expandabiUty of canine 
populations is indirect evidence that such cells may be 
present However, whether or not stem cells are prescnu 
as the first expandable differentiating system established 
from canine brain, neurospheres provide a means to study 
at least three of the major CNS cell species, which has not 
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previously been available in the dog and which should 
facilitate studies; both of normal canine and also oish pup 
CNS. 

Although secondary to the aims of the present 
study, we have had preliminary success in generating 
neurospheres from sh pup mutant embryos (data not 
shown), providing a new in vitro system for characieriz* 
ing the effecu of the mutation. The developmentally 
regulated alternative splicing panem of the myelin proteo- 
lipid protein gene is altered in the mutant, suggesting 
delayed mutant oligodondrocyto maturation (Nadon et 
al., 1990), Proteolipid protein gene expression may also 
have functions in CNS development before myelinogen- 
esis. The ability to generate neurospheres that are similar 
in many respects to those derived from wt brain should 
facilitate studies on differentiation of sh pup oligodendro- 
cytes. Such xh pup neurospheres could also be used as a 
target in gene transfer studies. In addition, our success in 
expanding neurospheres from the sh pup mutant suggests 
that this approach could extend die range of models 
amenable to study and may be applicable to very rare 
mutants, in which limited availability of affected animals 
has resuicicd characterisation to date. 

Although expansion of the canine populations is 
slow compared with the murine case, the scarcity of 
source tissue in the canine system makes these cells a 
valuable aJtemadve to primary culture. Analysis of growth 
factor effects in the canine system may permit faster 
expansion of these cells in vitro. Basic fibroblast growth 
factor (bFGF) stimulates proliferation of some rodent 
neural progenitor populations (Lillien and Ccpko, 1992; 
Richards et aL, 1 992; Ray and Gage, 1 994; Kilpatrick and 
Banlctt, 1995; Vescovi et al., 1993) and has been 
implicated in oligodendroglial proliferadons and inhibi- 
tiou of differcntiauon or population reversion to more 
immature phcnotypcs in both rat (Bogler et al., 1990; 
McKinnon et al„ 1990) and human models (Armstrong et 
aU 1992; Gogate et ai., 1994). U could well have similar 
dTccis in the canine system, in which bFGF (5-100 
ng/ml) may increase proliferation in canine oligodcndrog- 
Jial-enrichcd cultures (Hoffnman and Duncan, 1995). Se- 
quential growth factor mixtures could enhance first 
proliferation then differentiation of canine neural progeni- 
tor cells. 

Myelin deficiency may activate compensatory 
mechanisms- Even when these arc insufficient to override 
effects of endogenous myelin gene mutations, the environ- 
ment may nonedieless express factors favoring oligoden- 
drogenesis and myelinogenesis by oransplanted cells. 
Neurospheres generated myelinogenic oligodendrocytes 
when transplanted into die m^/ rat, and fiirthcnnore, 
grafted neutosphere-derived cells survived not only in the 
neonatal but also in the adult sh pup. Thus the adult 
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canine environment is able to suppon the survival of 
perinatal neural progenitor cells, at least in the short term. 
This is consistent with the existence of neural progenitor 
cells in adult rodent CNS (Reynolds and Weiss, 1992; 
Richards et al., 1992). The number of myelinated axons 
observed after xenografting of canine neurospheres into 
the md rat was considerably more dian is seen in 
nontransplanted md rats, although less has been seen with 
allografts of murine neurospheres, which myelinate large 
areas of die md cord (Hanunang et al., in press). In view 
of the in vitro differences in expansion nucs discussed 
abiwc, canine neurospheres may also take longer to 
expand and mature in vivo than murine ncurosphcrt;s, 
even though the presence of a^)parendy myelinating 
transplant-derived oligodendrocytes after only 11 days in 
vivo suggest canine oligodendrocytes differentiate more 
rapidly in vivo than in vitro. This system should be 
valuable for future study of survival, growth, and myelina* 
ting ability of grafted cells, particularly in adult recipi- 
ents, with ultimate applieatiotis in humans. 

Unlike some more differentiated CNS cell species, 
neural progenitor cells may not express both classic 
histocompatibility molecules and may thus, at least 
initially, provoke a less intense host inununc reaction 
(Bartiett ci al., 1990). Although null mutant studies 
suggest peripheral transplant rejection can occur in the 
absence of both class I and 11 molecules, as far as we are 
awaie this has yet to be established for the CNS, which is 
relatively immunologically privileged. Neurospheres also 
offer the prospect of generating mixed populations of 
neural cell species in a controllable manner. Because both 
astrocytes (Raff et al., 1985; Richardson et al., 1988) and 
neurons (Barres and Raff, 1993; Hardy and Reynolds, 
1 993) have been implicated in oligodendroglial migration 
and differentiation and may also influence myclination, 
this could benefit iransplant-dcrived remyelinution. As 
well as advantages of manipulability and in vitro expand- 
ability, these cells provide a multipotential, proliferation- 
competent pool from which differentiated populations 
may arise in response to environmental cues. Implanta- 
tion of small donor populations could ulrimau:ly assist in 
maintaining lifelong reservoirs from which CNS cell 
populations may be renewed durough endogenous or 
externally manipulated environmental signals. 
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Epidermal growth factor (EGF)-responsive stem cells 
have been identified in the murine central nervous 
system. These cells can be isolated from the brain and 
maintained in an undifferentiated state in vitro in the 
presence of EGF. After removing EGF, the cells cease 
mitosis and can be induced to differentiate into neu- 
rons, astrocytes, and oligodendrocytes. We demon- 
strate that when the undifferentiated stem cells (nestin- 
positive) are injected into the myelin-deficient rat 
spinal cord, they respond to cues within the mutant 
CNS and differentiate into myelinating oligodendro- 
cytes, in contrast to their behavior in vitro, where they 
mainly form astrocytes. The cells provide a valuable 
model system for the study of the development of early 
oligodendrocytes from multipotent neural stem cells. 
Because these cells are influenced to divide using 
growth factors, rather than oncogenes, and because 
they appear to make appropriate lineage decisions 
when transplanted into a mutant environment, they 
may provide an excellent source of cells for a variety of 
future therapies using cellular transplantation, o 1997 

Academic Press 



INTRODUCTION 

The mammalian central nervous system is a highly 
ordered and complex structure composed of a variety of 
neurons and glial cells. The development and mainte- 
nance of these cell types is dependent upon and influ- 
enced by a number of intrinsic genetic factors as well as 
environmental signals. Such signals may be provided 
by cell to cell contact and/or the secretion of neurotrans- 
mitters and neurotrophic factors. During normal devel- 
opment, neural cells are formed in a temporal sequence 
that is governed by these intrinsic and environmental 
signals (7). In some situations, the exact spectrum of 
signals necessary to specify a particular cell fate may 
be expressed only at certain times during CNS develop- 
ment. The signals necessary to influence oligodendro- 
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cyte development, however, appear to be maintained 
after the period of time during which the majority of 
oligodendrocytes develop and form myelin as evidenced 
by transplantation studies in several animal models of 
both dysmyelinating and demyelinating diseases (12). 
A number of experiments have been performed in 
which precursor cells isolated either from primary 
sources, or oncogene*immortalized glial precursors, 
have been transplanted into the CNS (14). In these 
experiments, varying, but significant degrees of my- 
elination have been achieved, suggesting that given an 
appropriate source of transplantable cells or tissues, 
one could eventually attempt the replacement of CNS 
myelin in humans (12). 

A population of epidermal growth factor (EOF)- 
responsive multipotential stem cells derived from the 
embryonic and adult murine brain (27, 26) or the fetal 
human brain (25, 6, 30) have been isolated and charac- 
terized in vitro. In the presence of EGF, these cells can 
be continuously propagated with weekly passaging for 
at least 1 year, maintaining a stem cell-like phenotype. 
Using an in vitro characterization, we define the cells 
as stem cells based on the multipotential characteris- 
tics and by their expression of the intermediate fila- 
ment marker, nestin (19). By removing the EGF and 
with the addition of a small amount of fetal bovine 
serum, the stem cells can be induced to differentiate 
into neurons, astrocytes, and oligodendrocytes when 
plated on a polyomithine-treated substrate (17). In 
vitro, the relative numbers of diffierentiated cells can be 
directly influenced by the addition of neurotrophic 
factors and cytokines (1). Specifically, the addition of 
CNTF, LIF, or oncostatin M leads to a significant 
increase in the numbers of oligodendrocytes (28). 

In the present studies we sought to determine 
whether these EGF-responsive neural stem cells (here- 
after termed neurospheres), which are clearly multipo- 
tential in vitro, were capable of responding to cues 
within a dysmyelinated environment of a mutant ani- 
mal to form mature, functioning cells of the appropriate 
t5rpe. The CNS myelin mutant, the myelin-deficient 
imd) rat, is characterized by a failure of development 
and early death of oligodendrocytes (18, 13). It has 
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previously been shown that the md CNS is virtually 
devoid of myelin and that its axons are capable of 
recruiting and supporting transplanted myelinating 
cells (10, 29, 31). Therefore, the stem cells were trans- 
planted into the spinal cord of the md rat to determine 
whether they were capable of differentiating in vivo 
into oligodendrocytes and myelinating axons. Undiffer- 
entiated neurospheres were mechanically dissociated 
to yield a single-cell suspension and were injected 
directly into the thoracolumbar region of 6- to 8-day-old 
md rats. Our results indicate that when transplanted 
into the md CNS, these multipotent stem cells preferen- 
tially form oligodendrocytes leading to extensive my- 
elination. Light and electron microscopic evaluation of 
the regions of myelination reveal no gliotic response 
nor any evidence of aberrant or inappropriate neuronal 
differentiation in any of the animals examined. This is 
the first study to demonstrate that multipotential stem 
cells, which have not been transformed or immortalized 
with oncogenes, and which possess no clear glial or 
neuronal phenotype prior to transplantation, can re- 
spond to cues within the CNS and form myelin in vivo. 
The cell line characteristics, including a self-renewing 
capacity under the control of growth factors, which are 
easily removed, and a multipotential nature, should 
provide a more suitable system with which to study 
CNS development and oligodendrocyte specification 
(15). Furthermore, because these stem cells are pri- 
mary in nature and can be isolated from human tissue, 
they may provide a suitable source of transplantable 
material for CNS repair in humans. 

EXPERIMENTAL METHODS 

Preparation and Maintenance of Neural 
Stem Cell Cultures 

Using sterile technique, the striata and ventral mes- 
encephala from litters of E14-15 Sprague-Dawley rats 
and BalbC mice were dissected and separately pooled 
in L-15 dissection buffer and held on ice. The L-15 was 
removed and the dissected tissue was resuspended in a 
defined, serum-free medium containing 20 ng/ml EGF 
(complete EGF medium) (27), and vigorously triturated 
10-20 times with a fire-polished Pasteur pipet. Striatal 
and mesencephalic cells were plated at 100,000 cells 
per milliliter in T25 flasks and maintained in the 
complete EGF medium. The neural stem cells grew in 
clusters (spheres) that tended to be free-floating in the 
flasks. For passaging, the clusters were harvested, 
gently centruuged at 200^, and mechanically dissoci- 
ated in the EGF-containing medium by trituration with 
a fire-polished Pasteur pipet. Following the trituration, 
the single cell suspension was diluted in the EGF 
medium and replated at approximately 10® cells in T75 
flasks. During the course of these experiments, the cells 
were passaged once per week for up to 25 passages. 



Immunocytochemical and Immunohistochemical 
Methods 

The stem cells can be induced to differentiate into 
oligodendrocytes, astroc3rtes, and neurons by altering 
culture conditions. The free-floating stem cell clusters 
that were continually passaged in EGF were gently 
centrifuged, resuspended in the same base, defined 
medium (with no EGF) with 1% fetal bovine serum, and 
plated on polyornithine-treated glass coverslips. The 
clusters attached firmly to the glass, and the cells 
slowed or stopped dividing and difiierentiated. One to 
14 days postplating, cells on coverslips were incubated 
unfixed, for 30 min at room temperature with the 
primary antibodies against 01, 04, GalC, and A2B5 
(supernatants) diluted in minimal essential mediimi 
with 5% normal goat serum and 25 mM Hopes buffer, 
pH 7.3 (MEM-Hepes, NGS). Following the primary 
antibodies, the coverslips were gently washed five 
times in MEM-Hepes and incubated for 30 min at room 
temperature in fluorescein- or rhodamine-conjugated 
secondary antibodies (Sigma) diluted in MEM-Hepes, 
NGS, as recommended by the manufacturer. The cover- 
slips were then washed five times in MEM-Hepes and 
fixed with acid alcohol (5% glacial acetic acid/95% 
ethanol) at -20**C. The coverslips were then washed 
five times with MEM-Hepes, and either mounted and 
examined using fluorescence microscopy or immunore- 
acted with rabbit polyclonal antisera raised against 
GFAP (Dako), nestin (R. McKay), MBP (Serotech), or 
PLP (Serotech). When subjected to a second round of 
immunolabeling, the coverslips were incubated first for 
1 h with 5% normal goat senrni (NGS) in 0.1 Af 
phosphate buffer with 0.9% NaCl at pH 7.4 (PBS) and 
then incubated in rabbit primary antibodies diluted in 
NGS for .1-2 h at room temperature. The coverslips 
were washed three times with PBS and then incubated 
with the appropriate secondary antibody coiyugates 
diluted in NGS, washed again with PBS, and then 
finally mounted on glass microscope slides with Citi- 
fiuor antifadent mounting medium and examined using 
a fluorescence microscope. In cases where they were not 
incubated first with the monoclonal antibody superna- 
tants, the coverslips were fixed for 20 min with 4% 
paraformaldehyde in PBS (pH 7.4), washed with PBS, 
permeabilized with 100% ethanol, washed again with 
PBS, and incubated with 5% NGS in PBS for 1 h. The 
primary antibodies and secondary antibody coiyugates 
were applied as outlined above. 

For glial fibrillary acid protein (GFAP) immunostain- 
ing, 1-^m sections were sealed onto glass slides and the 
Epon was etched with a saturated solution of sodium 
ethoxide diluted 1:1 with 100% ethanol. Sections were 
then incubated with rabbit anti-cow GFAP (Dako, 
Carpinteria, CA). The primary antibody was detected 
using the Vectastain Elite kit (Vector Laboratories, 
Burlingame, CA), which includes a biotinylated goat 
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anti-rabbit IgG secondary antibody, in conjunction with 
diaminobenzidine and osmium tetroxide. 

Animals and Surgical Procedures 

The neural stem cells were continuously maintained 
in EGF-containing medium for up to 25 passages. For 
implantation, nestin-positive neurospheres (no mature 
oligodendroc3rtes) were collected, gently centrifuged at 
20Qg, and triturated into a single cell suspension in 
HBSS with 0.1% BSA (Sigma). This suspension was 
concentrated to 50,000 cells/;il in the same HBSS/BSA 
medium prior to injection. Litters of md rats and their 
control littermates at 6-^ days postnatal were anesthe- 
tized with halothane and a small longitudinal incision 
was made along the back, and a l£uninectomy was 
performed exposing the T13-L1 level of the spinal cord. 
A small cut was made in the dura mater to permit the 
entry of the glass micropipet. Approximately 1.0-1.5 jil 
of the stem cells in HBSS/BSA were then injected into 
the dorsal colunms just lateral to the midline. The site 
of injection was marked using sterile charcoal powder. 
Following the injection, the incision was closed with 
sutures and the animals were gently w£irmed and 
allowed to recover from the anesthesia. The animals 
were then returned to the dams and allowed to survive 
for approximately 2 weeks. Those ^ animals trans- 
planted with the mouse stem cells received Cyclospor- 
in-A (daily) at a dose of 10 mg/kg IP for the duration of 
the experiment. 

Histological Analysis, Autoradiography, 
and Electron Microscopy 

At approximately 12-14 days after the stem cell 
transplants, the animals were prepared for sacrifice. 
Ninety minutes prior to sacrifice, the animals were 
injected with tritiated thymidine at a dose of 0.002 
mCi/g. Following the 90 min, the animals were deeply 
anesthetized with pentobarbital and perfused via the 
left ventricle with a modified Kamovsky's aldehyde 
fixative. The spinal cord surrounding the transplant 
site was removed and 1-mm sections were processed 
and embedded for light and electron microscopy. For 
LiM autoradiography, l-;zm Epon sections were heat 
sealed onto glass slides, dipped in NTB2 emulsion 
(Eastman Kodak, Rochester, NY), allowed to expose for 
2 months while stored at 4*0, and developed with 
Kodak D19. The autoradiographs were counterstained 
with 1.0% alkaUne toluidine blue. Nuclei overlain with 
at least four silver grains were considered to be labeled. 
For electron microscopy, Epon sections (70-90 nm) 
were cut with a diamond knife, placed on copper- 
rhodium mesh grids, contrasted with lead citrate and 
uranyl acetate, and photographed with a Philips 410 
electron microscope. 



RESULTS 

CNS Stem Cells form Mature Oligodendrocytes 
In Vitro 

Stem cell cultures were prepared from both BalbC ? 
mouse and Sprague-Dawley rat fetuses at approxi- 
mately 15 days of gestation. Striata and ventral mesen- 
cephala were dissected separately from fetuses and 
mechanically dissociated and cultured in a serum-free, 
defined medium containing 20 ng/ml EGF (complete 
EGF medium— see Experimental Methods). Under 
these cultiu-e conditions, the stem cells continued to 
divide, forming relatively tight clusters which in- 
creased in size over the 1-week culture period (Fig. lA), 
During the course of these experiments, separate stria- 
tal and mesencephalic cultures were passaged once per 
week for up to 25 passages using mechanical dissocia- 
tion. The stem cells were periodically induced to diflfer- 
entiate to confirm that they maintained their multipo- 
tentiality in vitro during the later passages. The stem 
cells diflferentiated upon the removal of EGF, with the 
addition of 1% fetal bovine serum and plating on a 
polyomithine-treated substrate. For in vitro differentia- 
tion, the stem cells were either plated without dissocia- 
tion as clusters or were mechanically dissociated to a 
single cell suspension and then plated on polyomithine- 
treated glass coverslips. 

To identify the specific cell t3^es after in vitro differ- 
entiation, the coverslips were immunoreacted with 
antibodies specific for oligodendrocjrte precursors or 
mature oligodendrocytes, 1 to 7 days after inducing 
differentiation. By 1 day postplating, the clusters had 
firmly attached and were considerably flattened. The 
fiat cells at the base of the attached clusters were 
initially intensely immunoreactive for nestin. By 3 
days, however, the nestin immunoreactivity had been 
replaced by an increasing immunoreactivity to GFAP in 
the same cells, consistent with the differentiation of 
astrocytes. During the same period, a large number of 
cells with a bipolar morphology were evident, and most 
of these cells had migrated primarily to the periphery of 
the adherent clusters (Fig. IB). At this 3-day time 
point, 04 and GalC immunoreactivity was clearly 
evident in the same population of bipolar cells, with the 
04+ and GalC+ cells having the more complex pro- 
cesses, as did the bipolar cells evident during the initial 
1-2 days postdifferentiation (Fig. IC). At 5 to 7 days 
postplating, nestin and 04 immunoreactivity was virtu- 
ally absent in all of the cells. A fraction (in the range of 

0. 1-1%) of the previously 04+ and GalC+ oligodendro- ^ 
cyte precursors, based on the peripheral position of the 
cells surrounding clusters, became immunoreactive to 

01, MBP, and PLP, and possessed a distinct oligodendro- 
cyte morphology (Figs. ID-IF). 
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FIG. 1- (A) EGF-responsive neural stem cells in suspension cultures at Uth passage. Numerous large spheres can be seen as well as 
smaller collections of cells and occasional single cells. Following removal from EGF and dissociation, cells were cultivated f^^^^ in 1% 
serum on polynZ-ornithine-coated glass coverslips and then immunolabeled with the antibodies: (B) 04; (C) 01; (D) GalC; (E) MB^ and (F) 
PLP Oligodendrocytes are identified by positive labeling with 04. GalC. MBP. and PLP as well as by tiieir morphology. Scale bars. 50 /tm. 
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FIG. 2. The dorsal columns (A) of an unii^ected md rat. No myelinated fibers are present. In (B), EGF-responsive neural stem cells derived 
from the mouse striatum have myelinated many axons. There is no evidence of rejection of these xenografted cells as a result of the cyclosporin 
therapy. In (C), an md rat injected 17 days earlier with rat striatal neural stem cells also exhibits many myelinated fibers. In (D), 
EGF-responsive neural stem cells derived from the rat ventral mesencephalon have myelinated scattered axons in the md rat CNS. (E, F) 
Higher magnification of selected areas indicated by arrows in B and D, respectively (A) Scale bar. 100 ;zm; (B, C, D) Scale bar, 50 fim. 



Stem Cells form Myelin In Vivo 

Because neural stem cells are capable of forming 
oligodendrocyte precursors and oligodendrocytes in 
vitro, we investigated whether these cells would be 
capable of forming oligodendrocytes which would my- 
elinate CNS axons in vivo. Stem cells from different 
passages were prepared for injection into the md rat 
spinal cords as described under Experimental Methods. 
TVansplantation of cells was only performed on the 
mutant rats which were readily identified at the time of 
surgery (6-8 days postnatal) by the pallor of the dorsal 
columns. The mutant spinal cords appear clear and 
gelatinous while those of normal littermates were an 
opaque white. The animals were anesthetized and the 
spinal cords were exposed at one or two segments and a 
suspension of the stem cells (either mouse- or rat- 
derived) in HBSS was injected into the dorsal columns. 
The animals were allowed to recover from the anesthe- 
sia, returned to the dams, and allowed to survive for 
approximately 2 weeks. Because of the short lifespan of 
the mutants (approximately 25 days), all of the im- 
planted animals were sacrificed at 21-25 days (approxi- 
mately 2 weeks postimplant). Upon examination of 
intact spinal cords, myelination was evident over 3 mm 
rostral to caudal, in some cases. Histological analysis 
using toluidine blue-stained transverse sections of the 
spinal cords 2 weeks after transplantation revealed 
extensive areas of myelin within the dorsal columns 
(Figs. 2A-2D). In some of the implanted animals, 
myelinated fibers were seen throughout the dorsal 
columns extending as deeply as the margin of the 
corticospinal tracts (Fig. 2E). Moderate to extensive 
areas of myelination were seen in 28 of 48 md rats that 
received cells derived from rat neurospheres and 8 of 12 
md rats transplanted with mouse neurospheres. There 



was no apparent diflference in the amount of myelin 
made by the neurosphere-derived oligodendrocytes from 
mouse or rat. 

When the stem cells are induced to differentiate in 
vitro by removing EGF and adding 1% FBS as de- 
scribed above, the majority of the cells form astrocjrtes 
(27). Because of this finding, it was possible that 
astrogliosis would occur when the stem cells were 
implanted into the md rat spinal cords. T6 determine 
whether stem cell-derived astrocytes directly or indi- 
rectly caused any astrogliosis, we examined regions of 
the spinal cords that had received stem cell implants 
using immunocytochemistr>' for GFAP. For this analy- 
sis, adjacent l-fim epon sections were stained with 
toluidine blue to determine the extent of myelination 
and by immunocytochemistry for GFAP to determine 
the extent of gliosis. None of the spinal cord sections 
that contained the injected stem cells exhibited any 
increase in the number of GFAP immunoreactive cell 
bodies or processes (i.e., no hyperplasia of astrocytes) 
when compared to the uninjected md rat spinal cords 
(Figs. 3A-3C). Furthermore, EM analysis of the grafted 
areas revealed no evidence of hypertrophied astrocyte 
processes. Together, these data indicate that injection 
of stem cells into the md rat spinal cord residts in many 
of the cells progressing along the oligodendrocyte lin- 
eage and does not lead to glial scarring. 

Although we have demonstrated a significant amount 
of myelin formation in the md rats, it is possible that 
their short lifespan limits the extent of myelination 
that would be possible over a longer period. Because of 
the short interval between cell injection and sacrifice, it 
is possible that some precursor cells remain that have 
the potential to divide and may be capable of myelinat- 
ing at a later time. Therefore, we performed tritiated 
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thymidine autoradiography on semi-thin epon sections 
to determine the extent of cell division in the injected 
and the uninjected mutants in the regions of myelina- 
tion. In general, significant numbers of thymidine- 
labeled cells, that had the light microscopic appearance 
of oligodendroc3rtes, were seen only within zones of 
myelination, with fewer labeled cells within adjacent 
nonmyelinated regions of the dorsal columns (Fig. 4). 
This , finding suggests that a number of mitotically 
active donor-derived precursor cells may remain within 
the recipient md spinal cords. It is important to note 
that we observed no h3rperplasia nor hypercellularity 
as a result of the stem cell injections in any of the 
animals examined in this study. Although the number 
of labeled cells seen in the zones of myelination in the 
injected animals appears to be significantly greater 
than that seen in uniiyected md rats, quantitation of 
labeling indices is necessary for definitive proof that 
the donor stem cells had retained the ability to divide in 
vivo. However, the increased number of labeled cells 
within the stem cell implanted md CNS suggest that a 
number of precursor cells may be mitotically active at 
the time of sacrifice. 

Finally, we examined the ultrastructural characteris- 
tics of the md rat spinal cords that had received stem 
cell implants (Fig. 5). Numerous mature oligodendro- 
cytes were seen elaborating myelin sheaths around the 
md axons. Such cells are not seen in the uninjected md 
rat and have almost certainly been derived from the 
transplanted cells. At the ultrastructural level, myelin 
formed by the donor oligodendrocytes was of normal 
compaction, possessing both major and minor dense 
lines, and could be readily distinguished from the small 
amount of abnormally compacted md host myelin (9, 
10). There was little evidence of cell death, and no 
inflammatory cells nor clusters of immature, undiffer- 
entiated cells were seen. The ultrastructural analysis 
revealed no ectopic neurons and no evidence of gliosis 
as seen in the GFAP staining at the light microscopic 
level, 

DISCUSSION 

We have transplanted EGF-responsive neural stem 
cells into the spinal cords of md.rats to determine 
whether the signals that exist in this glial-deficient 
environment are capable of influencing oligodendrocjiie 
development from CNS stem cells. Myelin deficiency in 
these mutant rats is the result of a point mutation (A-C, 
Thr75-Pro) in the myelin proteolipid protein (PLP) 
gene and is characterized by a reduction in oligodendro- 
cyte number and a concomitant absence of CNS myelin 
(8, 12). The absence of normal CNS myelin in this 
mutant creates an excellent environment in which to 
examine the myelinating potential of cells with the 
capacity for oligodendrocyte differentiation. Further- 



more, distinction of donor from host cells is consider- 
ably more straightforward when compared to other 
models because of the lack of any repair mechanism 
from endogenous cells (5, 12). In the md model, the 
small amount of host myelin present is easily identified 
by the absence of PLP and by an ultrastructural defect 
in the myelin compaction (9, 10). 

Myelination of md axons has been achieved by the 
transplantation of various primary oligodendrocyte and 
oligodendrocyte precursor preparations as well as im- 
mortalized cell lines and Schwann cells (12). These 
experiments have clearly established that the primary 
defect is in the oligodendrocyte lineage and that md 
axons are normal in their ability to recruit and support 
myelinating cells of allogeneic or xenogeneic origin. 
The multipotential nature of the EGF-responsive stem 
cells has been clearly demonstrated in vitro as they can 
be induced to differentiate into neurons, astrocytes, 
and oligodendrocytes after removing EGF from the 
culture medium (26). For the purposes of these experi- 
ments, the stem cell cultures were propagated continu- 
ously like a cell line and maintained an undifferenti- 
ated phenotype for as many as 25 passages in a fiilly 
defined medium containing EGF. 

Undifferentiated, nestin-positive stem cells (neuro- 
spheres) which lacked expression of diflferentiated neu- 
ronal or glial markers were injected into the dorsal 
columns of md mutant rats at a single thoracolumbar 
site. The present study shows that when transplanted 
into the md rat, EGF-responsive neural stem cells give 
rise to mature, myelin-producing oligodendroc3rtes, ca- 
pable of ensheathing multiple axons with apparently 
ultrastructurally normal myelin. This was highly repro- 
ducible, both with cells derived from rat and mouse 
neurospheres. Our failure to detect any ectopic neuron- 
like cells or to find any evidence of astrocjrtosis or glial 
scarring suggests that in this particular myelin- 
deficient' environment, there is a preferential, and 
appropriately compensatory, differentiation of the mul- 
tipotential precursor cells along the oligodendroc3rte 
lineage. This suggests that the environment either 
induces the stem cells to become oligodendrocytes or 
does not support the other cells that differentiate from 
the stem cells along an astrocytic or neuronal lineage. 

During normal development in the rat CNS, axons in 
the corticospinal tracts do not become myelinated imtil 
approximately 25-30 days postnatal. As noted earlier, 
all of the md animals in these studies were sacrificed 
prior to 25 days postnatal. In all cases where myelin- 
ated fibers were observed deep in the dorsal columns at 
the margin of the corticospinal tracts, these tracts did 
not become prematurely myelinated by donor cells. 
This developmentally appropriate failure to myelinate 
the corticospinal tracts occurred even though these 
cells had access to nonmyelinated axons of this late 
myelinated tract. This strongly suggests not only that 
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FIG. 4. Light microscopic autoradiograph from a representative 
area of a transplanted md rat spinal cord which demonstrates a large 
number of myelinated fibers (implanted with rat mesencephalic stem 
cells). Dividing cells (arrows) have the light microscopic appearance 
of oligodendrocytes. In the upper left-hand comer, note the mature 
oligodendrocyte with csrtoplasm that appears to be continuous with a 
number of myelin sheaths. Tbluidine blue-stained epon sections. 
Scale bar, 5 ^m. 

the mutant environment maintains the ability to regu- 
late oligodendrocyte differentiation in a developmen- 
tally and spatially appropriate manner in the face of 
the oligodendrocjrte defect, but furthermore, the differ- 
entiated progeny of the implanted stem cells respond 
appropriately to endogenous cues in the md CNS. 

Oligodendrocyte differentiation and survival in vitro 
is highly dependent on several trophic factors (3, 4). 
The yield of oligodendrocytes differentiating from the 
EGF-responsive neural stem cells in vitro can also be 
influenced by various factors, as CNTF, LIF, and on- 
costatin M can significantly increase the relative num- 
bers of oligodendrocytes generated (28). Previous evi- 
dence suggests that committed oligodendrocyte 
progenitors may 3rield more myelin upon transplanta- 
tion than do mature oligodendrocjrtes, but it is not 



FIG. 3. GFAP (A, B) and toluidine blue (C) stained adjacent 
sections demonstrate the lack of gliosis in the neural stem cell- 
implanted md rat spinal cords (implanted with rat mesencephalic 
stem cells). In (A), several millimeters away from the transplanted 
site, there is little evidence of an increase in GFAP immunoreactivity. 
Likewise, at the site of transplantation, (B) there is no apparent 
gliosis. In (C), a serial section from the GFAP-labeled section shown 
in (B) shows the site of the transplant with numerous myelinated 
fibers. Scale bar, 20 fim. 
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FIG. 5. Electron micrographs from representative myelinated areas in an md rat produced by rat neurospheres. (A) Adjacent to the 
transplant site most of the axons are nonmyelinated. As in the uninjected mutant, no normal, native oligodendrocytes ar« present. On the far 
right m this field, a single degenerating axon is seen. (B) In a transplanted area, the m^ority of the axons are myelinated with a normal 
fiilf^^Tj"^^.''?!!? . P'"' ' appearing oligodendrocyte has extensive processes leading to many myelinated 

fibers. Adjacent to this cell, the cytoplasm of an abnormal md oligodendrbcyte is present (arrow) with distended rough endoplasmic reticulum 
a characteristic feature in md oligodendrocytes. Scale bars, 2 iim. 
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known whether different stages in the progression from 
stem cell to mature oUgodendrocyte may offer different 
selective advantages in achieving optimal myelination. 
The neural stem cell system provides the unique oppor- 
tunity to examine the earliest stages of the differentia- 
tive progression from a multipotent progenitor to a 
committed oligodendrocyte precursor (12). Under the 
standard culture conditions used in the current study, 
the percentage of cells which differentiate into oligoden- 
drocytes in vitro after removal of EGF is small com- 
pared to the percentage differentiating into astrocytes 
or neurons. However, it is interesting to note that this 
culture system, although strongly favoring neuronal 
and astrocytic differentiation and not t3rpical of systems 
normally used in oligodendrocyte culture, nonetheless 
does support oligodendrocytes for 1 week or longer in 
vitro, albeit in small nimibers. Thus, although the 
extensive analysis involved in screening the many 
possible growth factor combinations and concentra- 
tions to generate an environment optimized for in vitro 
myelin production was beyond the scope of the present 
study, it is highly likely that appropriate manipulation 
of in vitro conditions prior to transplantion to select for 
oligodendrocytes and/or their progenitors, could result 
in a considerable increase in myelin production by the 
transplanted cells. 

The short lifespan of the md rat restricted the 
current studies to a short period following transplanta- 
tion. Our results suggest that some of the injected stem 
cells or mitotically active stem cell progeny may survive 
within the CNS to provide a reservoir potentially 
capable of generating myelin-forming cells for the 
remainder of the animal's lifespan; however, proof of 
this is necessary. In acquired demyelinating disorders, 
this may provide a population of cells that are able to 
respond to subsequent demyelination. Even in the 
short term of the present study, the extent of myelin 
formation was well beyond that ascribable to passive 
dispersion (20). This demonstrates that the injected 
cells or their progeny are able to migrate along the 
spinal cord. The full migratory potential of these cells 
remains to be determined as does the stage of differen- 
tiation at which migration will occur. Future studies 
utilizing the longer-lived strain of the md rat (13), will 
allow all the above questions to be addressed more 
closely, and will permit' analysis of whether myelina- 
tion continues to increase over time and the factors 
which influence this myelination. 

In this report we have extended the observations that 
the EGF-responsive neural stem cells are multipoten- 
tial, in that a proportion of the stem cells can differenti- 
ate into oligodendrocytes in vitro and that these stem 
cells are capable of differentiating into myelin-forming 
oligodendrocytes in vivo when exposed to the appropri- 
ate environment. Behavioral alterations, functional 
recovery, or a restoration of normal conduction velocity 



in the injected mutant animals remains to be demon- 
strated, but a previous study established that conduc- 
tion velocities can be returned to near normal values by 
the transplantation of glial progenitor cells (32). This 
was achieved by myelination similar in extent to that 
seen in the present study, suggesting that neural stem 
cells may be equally capable of producing functional 
improvements. 

Transplantation of SV40-immortalized glial progeni- 
tors has resulted in sparse myelin formation and the 
continued proliferation of undifferentiated cells suggest- 
ing likely transformation of the injected cells (2). The 
EGF-responsive neural stem cell would thus appear to 
be an excellent candidate donor cell for use in human 
therapies for myelin disease. Large numbers of homoge- 
neous cells can be generated as required, minimizing 
ethical considerations. Lines can be screened for the 
presence of known adventitious agents. Finally, the 
cells are stimulated to divide using growth factors 
rather than oncogenes. This is a substantial advantage 
since little is known about the safety and long-term 
stability of cell lines immortalized with various onco- 
genes, either conditionally immortalized, as in the case 
of temperature-sensitive oncogenes, or driven by other 
inducible promoter systems. In addition to the obvious 
and most disturbing risks of malignancy, overprolifera- 
tion may disrupt normal cytoarchitecture in areas 
adjacent to the transplant site and there is evidence 
that such cell lines may over time exhibit diminished 
myelinating capacity. One study has reported such a 
diminution and in addition, compression of normal 
adjacent tissue within 1 month of transplantation of 
growth factor-expanded glial cells into rat spinal cord 
(16). In contrast, we observed no hyperplasia as a result 
of the stem cell injections in any of the animals in this 
study. While the period between stem cell injection and 
sacrifice was relatively short, no abnormalities in the 
growth or proliferation of the stem cells was seen in any 
of the injected mutants. Light and electron microscopic 
analyses indicated that the stem cells were highly 
efficient in forming myelin. There was no evidence of 
large numbers of undifferentiated stem/precursor cells 
remaining in areas of hypomyelination as seen in some 
previous studies (16). Extensive myelination, up to 3 
mm rostral or caudal from the single site of stem cell 
injection, was achieved even after 25 passages in vitro, 
offering the prospect of considerable expansion of a 
source population without loss of myelinating capacity. 
This would be of particular advantage when the avail- 
able source population is limited, as is the case for 
human cells. 

The possibility of xenografting should not be dis- 
counted when considering the use of transplantation as 
a treatment for human neurodegenerative diseases, 
particularly in view of the continuing advances in 
immunosuppressive regimes. Allografting, however, re- 
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mains the approach of choice. EGF-responsive neural 
stem cells with similar in vitro characteristics have 
recently been isolated from fetal human brain (25, 6, 
30). If these human stem cells also possess the capacity 
to divide and differentiate into oligodendrocytes in vivo, 
they may prove useful in replacement therapies for 
human dysmyelinating and demyelinating diseases, 
possibly in conjunction with appropriate immunosup- 
pressive therapy. 

In conclusion, our results suggest that EGF-respon- 
sive neural stem cells are capable of safe, extensive 
myelination in vivo in a manner appropriately respon- 
sive to relevant signaling by the recipient environment. 
Their potential for in vivo expansion from a surviving 
reservoir of transplanted stem or progenitor cells make 
them a leading candidate to be considered for eventual 
use in therapeutic transplantation into human pa- 
tients. 
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In vitro, epidermal growth factor (EGF)-responsive neural 
progenitor cells exhibit multipotent properties and can 
differentiate into both neurons and glia. Using an in utero 
xenotransplantation approach we examined the develop- 
mental potential of EGF-responsive cells derived from El 4 
mouse ganglionic eminences, cortical primordium, and 
ventral mesencephalon, after injection into the El 5 rat 
forebrain ventricle. Cell cultures were established from 
control mice or from mice carrying the lacZ transgene 
under control of the promoters for nestin, glial fibrillary 
acidic protein (GFAP), or myelin basic protein (MBP). The 
grafted cells, visualized with mouse-specific marlcers or 
staining for the reporter gene product, displayed wide- 
spread incorporation into distinct forebrain and midbrain 
structures and differentiated predominantly into glial cells. 
The patterns of incorporation of cells from all three 
regions were very similar without preference for the homo- 
topic brain areas. These results suggest that EGF- 
responsive progenitor cells can respond to host derived 
environmental cues, differentiate into cells with glial-lilce 
features, and become integrated in the developing recipi- 
ent brain. 

Key Words: stem cells; progenitor cells; EGF; in utero 
grafting; differentiation; glia; transgenic mice. 



INTRODUCTION 

The generation of cellular diversity during develop- 
ment of the mammalian brain has become a subject of 
major interest during recent years. Early in develop- 
ment, precursor cells can be isolated from the neural 
crest that are capable of differentiation into both neu- 
rons and glia (S temple and Anderson, 1992). However, 



later in ontogeny, the lineage potential of precursor cells, 
the generation of cellular diversity, and the role of 
multipotent precursor cells in brain development are 
more controversial. In cell culture studies, several inves- 
tigators have reported the presence of multipotent 
precursor cells in both mid- and late-gestation embry- 
onic CNS (Reynolds et ah, 1992; Kilpatrick and Bartlett, 
1993; Davies and Temple, 1994; Williams and Price, 
1995), as well as in the brain of adult rodents (Reynolds 
and Weiss, 1992; Richards etal, 1992; Gage etal, 1995a; 
Palmer et al, 1995; Gritti et ai., 1996, Palmer et a/., 1997; 
for review see Gage et al, 1995b; Kilpatrick et al, 1995; 
Weiss et al, 1996). On the other hand, in vivo studies 
using retroviral vectors carrying marker genes such as 
P-galactosidase have shown that in the embryonic brain 
most progenitor cells are restricted to a specific fate 
(neuronal or glial) while the percentage of pluripotent 
cells is very low (Luskin et al, 1988; Price and Thurlow, 
1988; Grove et al, 1993; Luskin et al, 1993; Walsh and 
Cepko, 1992, 1993; Reid etal. 1995). 

Recently, several groups have shown that in utero 
transplantation of cell suspensions from primary tissue 
might allow for the determination of the developmental 
capacity of progenitor cells (Briistle et al, 1995; Camp- 
bell etal, 1995; Fishell, 1995). Diverging results of these 
studies and difficulties of interpretation might be due to 
the fact that the cell suspensions contained a mixture of 
cells in different states of commitment and differentia- 
tion and thus suggest that isolation of progenitor cells 
from the embryonic brain might be necessary in order to 
distinguish the role of multipotent progenitors from that 
of lineage-restricted or postmitotic cells. 
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Neural progenitor cells can be isolated from the 
mammalian brain and induced to proliferate in vitro in 
the presence of epidermal growth factor (EGF: Anchan 
et al, 1991; Reynolds ef al, 1992; Reynolds and Weiss, 
1992, 1996; Vescovi etal, 1993; Svendsen etal, 1995). The 
EGF-stimulated cells can be grown into spheres ("neuro- 
spheres") which are positive for the progenitor marker 
nestin but not for standard glial or neuronal markers 
(Von Visger et al, 1994; Reynolds and Weiss. 1996; 
Schinstine and lacovitti. 1996; Carpenter etal, 1997). By 
long-term clonal analysis these EGF-responsive neuro- 
sphere cells have been shown to exhibit the common 
features of stem cells, i.e., long-term proliferation and 
self-renewal, long-term multipotency, and the produc- 
tion of a large number of progeny (Reynolds and Weiss, 
1996). 

The purpose of the present study was to investigate 
the in vivo properties of in vitro propagated EGF- 
dependent progenitor cells after reintroduction of the 
cells into the embryonic brain environment. Using an in 
utero xenotransplantation approach, we injected EGF- 
responsive neural progenitor cells, derived from differ- 
ent areas of the embryonic El 4 mouse brain, into the El 5 
rat forebrain ventricle. Independent of origin, the cells 
exhibited widespread incorporation into the brain paren- 
chyma which suggests that these cells along the rostro- 
caudal axis of the subventricular zone are not regionally 
or positionally specified. There was clear evidence of 
donor cell differentiation into astrocytes, but not into 
neurons, which suggests that the developmental poten- 
tial of these cells is more restricted in vivo when 
compared to previous in vitro results. 

RESULTS 

Characterization of EGF-Responsive Celts in Vitro 

EGF-responsive neural progenitor cells were isolated 
from the ganglionic eminences, the cortical primor- 
dium, and the ventral mesencephalon of nontransgenic 
El 4 mice and expanded in cell culture for 5 weeks, 
during which time they were passaged five times. 
Additional cultures were obtained from the ganglionic 
eminences of transgenic mice carrying the lacZ gene 
under control of the promoters for nestin (Zimmermann 
etal, 1994), glial fibrillary acidic protein (GFAP; Brenner 
etal, 1994). or myelin basic protein (MBP; Wrabetz etal, 
1998). 

In vitro, the cells divided every 2 to 3 days as observed 
previously (Reynolds and Weiss, 1996; Carpenter et al, 
1997; Svendsen etal, 1997). Cells derived from different 
brain regions grew similarly and no differences were 



observed in the growth rate of the transgenic vs the 
nontransgenic cells. The cells used for transplantation 
were positive for the neural progenitor marker nestin 
but did not stain for glial or neuronal markers such as 
GFAP, M2, 04, PLP, or p-tubulin, which is in accordance 
with previous observations (Von Visger et al, 1994; 
Reynolds and Weiss, 1996; Schinstine and lacovitti, 
1996; Carpenter etal, 1997). 

To determine the capacity of the cells to differentiate 
into the major CNS phenotypes. the EGF-responsive 
cells were plated on polyornithine-coated slides and 
exposed to 1% fetal bovine serum in the absence of EGF. 
Cultures propagated for 5 weeks in vitro before differen- 
tiation exhibited staining for neurons, oligodendrocytes, 
and astrocytes (Fig. 1). indicating sustained multipoten- 
tiality of the cells used for transplantation. In cultures 
grown for up to 10 weeks before differentiation, 5-7% of 
the cells consistently stained for the neuronal marker 
P-tubulin, while there was a qualitative decrease in the 
number of neurons after this time point (Carpenter, 
unpublished observations). In vitro, all the astrocytes, as 
seen by GFAP-immunoreactivity, were simultaneously 
stained for the mouse glial marker M2 (Figs. 1 A and IB). 
In astrocytes derived from the GFAP-lacZ transgenic 
mice, the transgene and the GFAP protein were ex- 
pressed simultaneously, as were the MBP-lacZ trans- 
gene and the MBP protein in oligodendrocytes derived 
from the MBP-lacZ transgenic mice (Figs. IE and IF). 
This is in accordance with previous studies which had 
shown that the lacZ transgene under control of the 
nestin, GFAP, and MBP promoters was appropriately 
regulated in a cell-specific fashion (Brenner et al, 1994; 
Hammang etal, 1994; Zimmermann etal,, 1994; Wrabetz 
etal, 1998). 

Widespread incorporation of Grafted Mouse Ceiis 

After repeated passages in vitro the progenitor cells 
were transplanted into the forebrain ventricle of El 5 
rats. Five weeks posttransplantation the distribution 
and differentiation of the transplanted cells were ana- 
lyzed using the mouse-specific antibodies M2 and M6, 
P-galactosidase immunohistochemistry (to detect the 
reporter gene product), and in situ hybridization for 
mouse satellite DNA. In 59 animals, the transplanted 
cells had incorporated extensively into the host brain 
parenchyma. The majority of the cells were located in 
grey matter with a few cells evident in white matter tracts. 

Progenitor cells derived from the ganglionic emi- 
nences were found widespread in telencephalic, dience- 
phalic, and mesencephalic structures (Figs. 2-6. Table 1). 
Interestingly, the cells did not incorporate homotopi- 
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FIG. 1. Immunocytochemical characterization of EGF-responsive neural progenitor cells. Differentiation of the EGF-responsive cells into 
astrocytes (A. B, D). neurons (C). and oligodendrocytes (D-F) in vim, (A) All astrocytes expressing GFAP (A) simultaneously label for the mouse 
glial marker M2 (B). (C) p-Tubulin staining several neurons. (D) Triple labeling for GFAP (brown-red). PL? (black), and the GFAP-lacZ reporter 
gene product (bluish) in cells derived from GFAP-lacZ transgenic mice. Astrocytes show appropriate expression of the transgene, which is located 
in the nucleus (arrows), while the PLP-positive oligodendrocyte (arrowhead) does not show transgene expression. (E) Oligodendrocytes derived 
from MBP-lacZ transgenic mice simultaneously stain for the MBP-lacZ reporter gene product (E) and for MBP (F) . Scale bars: A-C and E and F. 100 
jjm; D, 50 pm. 
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TABLE 1 

Distribution of EGF-Responsive Neural Progenitor Cells Derived from the Mouse Ganglionic Eminences after Transplantation into 
the Developing Rat Brain 



Animal no. 


Olfactory bulb 


Cortex 


Striatum 


Septum 


Hippocampus 


Thalamus 


Hypothalamus 


Midbrain 


1 


ND 










+ 


+ 




2 


ND 










+ 


+ 


4- 


3 


ND 










+ + 




4-4-4- 


4 


ND 








+ 






4-4- 


5 


+ + 








++ + 


+ 


++ 


4- 


6 


ND 


— 








+ + + 


+ 


4-4- 


7 


ND 


+ 






4- 


+ 




4-4- 


8 


ND 








+ 4- 




_ 


4- 


9 


ND 








+ 




+ 


4-4- 


10 


ND 








+ 




+ + + 


4-4- 


11 


ND 








+ + + 








12 


ND 












+ 


4-4-4- 


13 


ND 








+ + + 


+ 


+ 


4-4- 


14 
















4-4- 


15 


+ 








+ 


+ 


+ +• 


4-4- 


16 




+ 


+ 


+ 


— 


+ + 


+ 4- 


4-4-4- 


17 






— 




+ + 








18 




+ + 








+ 


4- 


4- 


19 




+ 






+ 


+ 




4-4- 


20 














4- 


4-4- 


21 




+ 








+ 


4- 


4- 


22 










+ 




4- 




23 




4- 








+ 


4- 


+ 4-4- 


24 








4- 


+ 


+ 


4-4- 


4- 


25 


+ + 






+ 


+ 




4-4- 


4-4- 


26 


+ + 










+ 


4- 


4-4- 


27 














4-4- 


4- 


28 




+ 










4- 


4-4- 


29 




+ 














Transplant 


8/17 


15/29 


5/29 


4/29 


19/29 


19/29 


22/29 


24/29 


Median 










+ 


+ 


4- 


4-4- 



Note, Incorporation of EGF-responsive progenitors derived from the mouse E14 ganglionic eminences after injection into the E15 rat forebrain 
ventricle. The analysis was performed on sagittal sections processed for immunohistochemistry with the M2 or MB antibodies; in situ 
hybridi2:ation for mouse satellite DN A was performed on selected sections to confirm the results obtained by immunohistochemistry. The animal 
numbers 1-11 correspond to rat pups receiving transplants of cells derived from nontransgenic mice. Animals 12-17 received cells from transgenic 
mice carrying the lacZ gene under control of the nestin promoter, animals 18-22 received cells from GFAP-lacZ transgenic mice, and animals 23-29 
cells from MBP-lacZ transgenic cells. 4-4-4-, rich incorporation (dense M2 staining that covered at least one-fourth of the cross sectional area of the 
structure as shown in Fig. 1 for the inferior colliculus); 4-4-, moderate incorporation (many clusters of M2-positive cells that covered at least one-tenth 
of the cross sectional area of the structure described): 4-, scattered clusters of transplanted cells; no detectable staining; ND. not determined. 



cally into the striatum or the globus pallidus and only 
rare clusters of cells were observed in these structures. 
Brain regions which exhibited the most significant 
extent of incorporation for both nontransgenic and 
transgenic cells were hippocampus (Figs. 5A-5C). thalar 
mus, hypothalamus (Figs. 4, 5D, and 5E), and mesen- 
cephalon, primarily the inferior colliculus (Figs. 2 and 3, 
Table 1). To a lesser extent, cells were observed in the 
cerebral cortex and in the olfactory bulb (Fig. 6). In some 
regions integration was frequently confined to specific 
subareas. e.g., the mamillary body of the hypothalamus 
or the external plexiform layer of the olfactory bulb. In 
the thalamus, the cells had aggregated in subnuclei of 



the structure, most of which were localized close to the 
third ventricle. By contrast, no preference for specific 
layers could be observed in the cortex and hippocam- 
pus. In some cases, the likely migratory path of the cells 
could be deduced, e.g., along the forceps minor of the 
corpus callosum into the frontal cortex and along the 
anterior commissure toward the olfactory bulb (Fig. 6C). 

Progenitor cells derived from the cortical primordium 
exhibited a pattern of incorporation that was very 
similar to that of the ganglionic eminence-derived cells 
(Table 2). Cortical cells showed slightly more extensive 
incorporation into the cortex and fewer cells were 
observed in the thalamus, but otherwise no differences 
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FIG. 2. Distribution of transplanted cells. EGF-responsive neural progenitor cells in two representative recipient brains, as seen by 
immunohistochemistry with either M2 or M6 and by in situ hybridization for mouse satellite DNA. The sagittal sections on the left correspond to 
animal No. 16 in Table 1, which received a transplant of progenitor cells from the ganglionic eminences; the sections on the right correspond to 
animal No. U in Table 2. which received cells from the cortical primordium. The dots represent clusters of cells rather than single cells (and thus 
not absolute cell numbers) and the relative proportions of mouse cells incorporated into the different brain areas. (C, cortex; H, hippocampus; HT, 
hypothalamus; IC, inferior colliculus; OB, olfactory bulb; S, striatum; T. thalamus.) 



could be observed (Table 2). Similarly, progenitor cells 
derived from the ventral mesencephalon did not show 
any preference for mesencephalic structures but were 
able to incorporate into telencephalic structures similar 
to the cells derived from the telencephalon. The overall 
number of incorporated cells was lower but the overall 
pattern of incorporation was the same (Table 3). Thus, 
progenitor cells derived from different parts of the 
rostrocaudal axis of the embryonic brain, after transplan- 
tation into the forebrain ventricle of age-matched recipi- 
ents, showed similar widespread patterns of incorpora- 



tion without obvious preference for their homotopic 
area. 

Differentiation into Giial Cells 

Transplanted cells were exclusively found in the 
parenchyma; cells were found neither in the ventricle 
nor attached to the ventricular walls. Immunohistochem- 
istry for the nestin-lacZ transgene did not show any 
labeled cells. Furthermore, in areas with dense M2 
staining, cells did not stain for the progenitor markers 
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A _ B C 




D _ E * F 




FIG. 3. Overlapping patterns of M2- and M6-positive cellular profiles and in situ hybridization for mouse satellite DNA. (A) M2-positive cellular 
profiles in a sagittal section of the inferior colliculus. The whole structure is covered by the transplanted cells. (B) Mouse nuclei stained by in situ 
hybridization for mouse satellite DNA in a section adjacent to A. (C) M6-positive cellular profiles in a section adjacent to A and B. (D) High-power 
view of A. (E) High-power view of B showing mouse nuclei of homogenous size. (F) High-power view of C. Scale bars: A, 500 pm; D, 60 pm. 
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TABLE 2 



Distribution of EGF-Responsive Neural Progenitor Cells Derived from the Mouse Cortical Primordium after Transplantation 
into the Developing Rat Brain 



Animal no,' 


Olfactory bulb 


Cortex 


• 

Striatum 


Septum 


Hippocampus 


1 nalamus 


Hypothalamus 


iviiuurain 


1 


+ + + 


-f -f 












+ + 


2 














+ 


+ + + 


3 


- 


4- 


4- 


- 


4- 


4- 






4 












+ 4-4- 






5 












4- 


+ 


+ + 


6 




4- 


4- 




4-4- 






+ 


7 


+ 












+ 


+ + 


8 










4--f 4- 






+ 


9 




4- + 




4- 






+ + 


+ + 


10 










4--I- 


4- 




+ 


11 


+ 


4- + 




4- 


+ 


+ 4-4- 


+ + 


+ + 


12 










4- 




+ 


+ 


13 




4- 






4- 


+ 


+ 


+ + 


14 


4-4- 


4- 






-1-4- 




+ 


+ + + 


Transplant 


6/14 


8/14 


3/14 


2/14 


8/14 


6/14 


9/14 


12/14 


Median 




4- 






+ 




+ 


+ + 



Note. Incorporation of EGF-responsive progenitors derived from the mouse E14 cortical primordium after injection into the El 5 rat forebrain 
ventricle. For details, see legend to Table 1 . 



nestin or vimentin. thus suggesting that the trans- 
planted cells did not remain in an immature state. 
Immunohistochemistry for the mouse-specific glial cell 
marker M2 revealed differentiation into astrocytes. In 
accordance with previous observations, the M2 anti- 



body labeled the membrane of the mouse cells leaving 
the cytoplasm unstained, which facilitates the identifica- 
tion of cell types by their processes and the size of the 
unstained cell bodies (Lund et al, 1989; Wictorin et al, 
1991; for extensive discussion about this antibody see 



TABLE 3 

Distribution of EGF-Responsive Neural Progenitor Cells Derived from the Mouse Ventral Mesencephalon after Transplantation 
into the Developing Rat Brain 



Animal no. 


Olfactory bulb 


Cortex 


Striatum 


Septum 


Hippocampus 


Thalamus 


Hypothalamus 


Midbrain 


1 


+ + 


+ + 






+ 




+ 


+ + 


2 




+ 






+ 




+ 


+ 


3 


+ + 








+ + 




+ 


+ + 


4 




+ 






+ + 








5 










+ 


+ 


+ 


+ 


6 




+ + + 






+ + + 




+ 


+ + 


7 


+ + 


+ + + 






+ + + 




+ 


+ 


8 




+ 






+ 








9 


+ 












+ 




10 






+ 








+ + 


+ + 


11 




+ + 










+ + 


+ + 


12 


+ 


+ 












+ 


13 








+ 




+ 




+ + 


14 
















+ 


15 




+ 






+ 






+ + 


16 






+ 








+ 


+ 


17 




+ 












+ 


18 


+ + 
















Transplant 


6/18 


10/18 


2/18 


1/18 


9/18 


2/18 


12/18 


14/18 


Median 




+ 






+/- 




+ 


+ 



Note. Incorporation of EGF-responsive progenitors derived from the mouse El 4 ventral mesencephalon after injection into the E15 rat forebrain 
ventricle. For details, see legend to Table 1. 
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Campbell et aU 1995, or Gates et aL 1998). In grey 
matter, the M2-positive profiles had small round to 
slightly oval-shaped cell bodies (10-12 pm) and short, 
frequently ramified processes radiating in all directions 
(Figs. 3D. 4B, 4D. and 6B), similar to what is seen in 
protoplasmic grey matter astrocytes in Golgi-Hortega 
staining (for review see Privat et al, 1995). In most areas, 
the processes showed increased M2 immunoreactivity 
and variability in caliber, while in cortex and hippocam- 
pus some cells showed thin delicate processes (Fig. 6B). 

In contrast to the in vitro results, M2-positive cells did 
not show colocalization with either GFAP or S-lOOp in 
vivo. In addition, immunohistochemistry for the GFAP- 
lacZ transgene did not show any labeled cells. In vivo, 
only a subset of the total astrocyte population shows 
labeling with GFAP and /or SlOOp (Bignami and Dahl, 
1976; Liidwin et al, 1976). and these markers are 
considered to stain reactive and presumably more imma- 
ture astrocytes (Isacson et al, 1987; Miyake et ai, 1989; 
Lundberg et ai, 1996). In accordance with this, after 
transplantation of EGF-responsive progenitor cells de- 
rived from GFAP-lacZ transgenic mice into the adult rat 
striatum (which causes a transplant-induced upregula- 
tion of GFAP), the transplanted cells coexpressed the 
GFAP-transgene and M2 (Winkler ef a/,, manuscript in 
preparation). As shown by Zhou et ai. (1990), such cells 
coexpressing GFAP and M2 had the typical appearance 
of reactive astrocytes with small nuclei and few. thick 
processes rather than the extensive highly ramified 
arborizations we observed in our in utero transplant 
paradigm. Thus, the lack of expression of GFAP in the 
M2-positive cells might reflect a nonreactive or more 
mature state of the glial cells studied here. 

In white matter tracts (e.g., in the corpus callosum 
and in the hippocampal region) some M2-positive pro- 
files showed a slightly different morphology with oval 
cell bodies and elongated thin processes which oriented 
parallel to the white matter tracts (Figs. 5A, 5B, 6C, and 
6D) These cells were reminiscent of oligodendrocytes 
(Butt and Ransom, 1989; Szuchet. 1995); however, in 
animals that had received cells from MBP-lacZ trans- 
genic mice, immunohistochemistry for the reporter gene 
product did not label any cells. In contrast, oligodendro- 
cytes derived from the MBP-lacZ transgenic cells after 
transplantation into the neonatal and the adult brain 
(Winkler and Fricker. manuscript in preparation) stained 
for the MBP-lacZ transgene, thus suggesting that the 
M2-positive profiles observed in this experiment are 
likely protoplasmatic astrocytes which have integrated 
into the white matter (for review see Raisman etal, 1985; 
Privat etal, 1995). 



No Obvious Differentiation into Neuronal Cells 

In contrast to the in vitro results, there was no 
evidence of neuronal differentiation of the transplanted 
progenitor cells. The M6 antibody is known to stain 
neurons and their processes (Lund et ai.. 1985. 1993; 
Zhou et aL. 1990; Campbell et al, 1995; Olsson et a/.. 
1997). but in cell culture oligodendrocytes and astro- 
cytes have also been observed to be partially stained by 
M6 (Lagenauer et a/.. 1992; for extensive discussion 
about this antibody see Campbell et ai., 1995, or Olsson 
et al, 1997). Thus, staining of subsets of glial cells cannot 
be excluded. In all animals the distributions of M6- and 
M2-stained cells were very similar and showed clear 
overlap (Figs. 3 A, 3C. 4C. and 4E). Most M6-positive 
profiles, as with M2 staining, were glial-like with short 
ramifying processes, however, with no processes seen to 
extend from the regions of M6-positive cells (Figs. 3F 
and 4E). Furthermore, the size of the M6-positive cellu- 
lar profiles was small (10-12 pm) and not in a range of 
about 15-20 pm as reported previously for neurons 
stained with the M6 antibody (Campbell et ai.. 1995; 
Olsson etal, 1997). 

The entire population of grafted mouse cells, indepen- 
dent of their degree of differentiation or their expression 
of mouse-specific markers, was detected by in situ 
hybridization for mouse satellite DNA (Briistle et al, 
1995). Labeled cells were exclusively detected in areas 
stained for M2 and M6 and all subnuclei showed an 
identical overlapping pattern in M2 or M6 staining and 
in situ hybridization (Figs. 3. 5D. 5E, 6F. and 6G), 
indicating that the grafted mouse progenitor cells did 
not integrate into any area other than those already 
detected by the M2 and M6 antibodies. The stained 
nuclei gave the impression of a homogenous glial-like 
cell population with small round nuclei (Figs. 3E, 5E. 
and6G). 

DISCUSSION 

The EGF-responsive neural progenitor cells used for 
in utero transplantation in the present study were iso- 
lated from three different regions, i.e.. cortex, striatum, 
and ventral mesencephalon of tlie El 4 embryonic mouse 
brain. Reynolds and Weiss (1992. 1996) have shown that 
repeated passages during extended cell culture in the 
presence of EGF, as used here, serve to enrich a prolifera- 
tive cell population free of differentiated cells. The 
present results show that EGF-responsive progenitors 
injected into the forebrain ventricle of rat embryos are 
able to pass across the ventricular wall, become incorpo- 
rated into widespread areas of the telencephalon, dien- 
cephalon. and mesencephalon, and differentiate into 
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FIG, 4. Incorporation of transplanted cells in specific subnuclei of the thalamus. (A) Sagittal section showing widespread incorporation into the 
thalamus as revealed by the mouse-specific glial marker M2. (B) High-power view of one of the cell clusters in A. (C) M2 staining in the reticular 
thalamic nucleus, in which incorporation was frequently observed. (D) High-power view of cells integrated into the parafascicular thalamic 
nucleus. (E) M6 staining in a section adjacent to C. M6 and M2 stainings are overlapping and quite similar. The cellular processes and the 
membrane of the cell bodies are stained, while the cytoplasm is unstained giving the impression of holes in the M2- or M6-positive tissue. The cell 
bodies are small and slightly oval shaped (arrowheads in D): the processes frequently ramify and radiate in all directions reminiscent of 
protoplasmic grey matter astrocytes . Scale bars: A. 500 pm; B. 125 pm; C, 250 pm; D. 60pm: and E. 250 pm. 
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cells with predominantly glial-like morphology. All 
surviving cells were found within the host brain paren- 
chyma. As previous data using intrauterine transplants 
of primary embryonic brain tissue indicate that at this 
host age proliferative cells exhibit an ability to incorpo- 
rate into the host brain whereas postmitotic cells will 
remain as clumps within the ventricular space or at- 
tached to the ventricular walls (Cattaneo et al, 1994; 
Campbell etal, 1995; Fishell. 1995), this underscores the 
proliferative and non-postmitotic state of the EGF- 
responsive cells at the time of transplantation. 

The pattern of incorporation of the EGF-responsive 
neural progenitors was markedly different from that 
previously obtained with intrauterine transplants of 
primary cell preparations obtained from the same embry- 
onic brain regions (which will contain a mixture of 
precursors at different stages of development; see be- 
low). In particular, EGF-responsive progenitors derived 
from different rostrocaudal levels of the developing 
brain (cortex, striatum, or midbrain) displayed very 
similar patterns of incorporation without any preference 
for the areas from which they were derived. When 
primary telencephalic cells (from E14 to E16 cortex or 
striatum) are grafted in the same way, one portion of the 
injected cells shows widespread incorporation, but an- 
other subpopulation of the injected precursors displays 
region-specific incorporation with a preference for the 
homotopic brain region (Briistle eta/., 1995; Campbell et 
aL 1995; Fishell. 1995; Olsson et al, 1998). Furthermore, 
primary cells derived from more caudal brain regions, 
such as the El 2 ventral mesencephalon, were found to 
incorporate selectively into caudal brain structures, but 
not into the telencephalon (Campbell etal, 1995; Olsson 
et al, 1998), Differential adhesive properties of diverse 
precursor cell populations may explain these differences 
since removal of Ca^'^'-dependent and -independent 
cellular adhesion molecules (by pretreatment of the cells 
with trypsin) changed the region-specific incorporation 
toward a widespread pattern (Olsson et al, 1998). The 
present data, therefore, suggest that the EGF-responsive 
progenitor cell population studied here does not express 
the type of region-specific cell surface properties that are 
required for preferential incorporation and migration 
into the homotypic brain region. 



The EGF-responsive progenitors differentiated into 
glial-like cells only but not into neurons, after reintroduc- 
tion into the embryonic brain environment. This is in 
contrast to the in vitro data showing that the EGF- 
responsive progenitors can differentiate into both neu- 
rons and glia (Reynolds et al, 1992; Vescovi et al, 1993; 
Svendsen etal, 1995; Reynolds and Weiss, 1996; Carpen- 
ter et al, 1997). It is also in contrast to the in vivo 
differentiation of primary telencephalic or mesence- 
phalic precursor cells, similarly grafted into the embry- 
onic forebrain ventricle, where site-specific develop- 
ment into both neurons and glia has been obtained 
(Briistle etal,, 1995; Campbell etal, 1995; Fishell, 1995). 
The stage of commitment of the cells at the time of 
transplantation, as well as the ability of the cells to respond 
to differentiating signals present in the developing host 
brain environment, may explain these differences. Differ- 
entiation of the EGF-responsive progenitors into astro- 
cytes may thus represent a default pathway in the 
absence of appropriate differentiating cues. Interest- 
ingly when the same EGF-responsive cells were trans- 
planted into a myelin-deficient environment, remyelin- 
ation and formation of large numbers of oligodendrocytes 
were observed (Hammang etal, 1997). 

Reynolds and Weiss (1992, 1996) have estimated that 
only between 0.1 and 1% of the dissociated El 4 mouse 
ganglionic eminence cells proliferate in response to EGF. 
During cell culture, the number of multipotent progeni- 
tor cells increases by symmetrical divisions to approxi- 
mately 25% (Reynolds and Weiss, 1996). Thus, the 
cultured spheres are likely to consist of a heterogenic 
mixture of stem cells and progenitor cells, but not 
postmitotic cells. When the EGF-dependent spheres are 
permitted to differentiate in culture they give rise to 
mainly glial cells, whereas only a smaller fraction (5-7% 
according to the present estimate) develops into neu- 
rons (Von Visger et al, 1994; Ahmed et al, 1995; Svend- 
sen et al, 1995; Rosser et al, 1997). This raises the 
possibility that during cell culture, a portion of the cells 
present within the spheres has entered a phase of 
lineage restriction, perhaps committed to a glial fate. By 
contrast, the preparations of E14-E16 primary cells (as 
used for transplantation by Briistle et al, 1995; Campbell 
et al, 1995; and Fishell, 1995) contain a mixture of 



FIG. 5. Different types of glial cells in grey and white matter. (A) In the hippocampus M2-positive cellular profiles with morphological features 
of astrocytes Were observed in all layers, while the dentate gyrus was consistently devoid of transplanted cells. (B) High-power view of A showing 
M2-positive cellular profiles present in the alveus. These cells possessed small oval cell bodies (arrowheads) with processes oriented along the 
myelinated fiber bundles, reminiscent of type II oligodendrocytes. (C) M2 staining in the hippocampus in a sagittal section more medial than that 
in A (see inset). (D) M2 staining in the mamillary body of the hypothalamus. (E) Distribution of nuclei of transplanted mouse cells stained by in situ 
hybridization for mouse satellite DNA in a section adjacent to D. (ALV, alveus hippocampi; CC, corpus callosum; CTX, cortex; DG, dentate gyrus: 
FF. fimbria fornix,) Scale bars: A, 500 pm; B, 60 pm; and C-E. 250 pm. 
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postmitotic cells and lineage-restricted progenitors, com- 
mitted to an either neuronal or glial fate, whereas the 
numbers of nonrestricted multipotent progenitors is 
low. as suggested by in vitro and in vivo studies (Rey- 
nolds et a7., 1992; Grove et a/., 1993: Luskin et a/., 1993; 
Walsh and Cepko. 1993; Reid ef ai., 1995). Furthermore, 
as neurogenesis is already well under way at the time 
point of tissue preparation (Berry and Rogers. 1965; 
Smart and Sturrock. 1979; Fentress eta/.. 1981; Specht et 
a/.. 1981; Marchand and Poirier. 1983; Bayer, 1984; 
Marchand and Lajoie, 1986; Levitt et a/.. 1993), the 
number of cells committed to a neuronal fate is probably 
much higher than in the EGF-dependent cell culture. 

Thus, the formation of both neurons and glia from 
primary brain precursors after intrautrine grafting may 
be due to the presence of progenitors that are lineage- 
restricted toward either a glial or a neuronal fate. These 
already committed precursors might receive the signals 
or factors that are necessary for their further differentia- 
tion. In the case of the EGF-responsive progenitors, the 
embryonic brain environment, which the cells were 
exposed to in the present experiments, may not fulfill all 
necessary requirements to induce the multipotent cells 
present in the grafted cell population to form neurons. 
Since neuronal differentiation from multipotent progeni- 
tors or stem cells is likely to be a complex multistep 
process involving different growth factors and expres- 
sion of specific receptors (Cattaneo and McKay, 1990; 
Nurcombe eta/.. 1993; Price, 1994; Goldman. 1995). the 
EGF-responsive progenitors, both in vitro and in vivo, 
may exhibit gliogenesis by default, in the absence of 
some critical differentiating signals. 

An alternative possibility is that all surviving cells in 
the present experiment were derived from lineage- 
restricted precursors present in the cultured spheres and 
that the population of multipotent progenitors failed to 
survive, either because they were unable to pass across 
the ventricular wall or because they did not receive the 
appropriate survival factors. If so, the absence of neu- 
rons in the present experiment would be explained by 



the failure of the multipotent progenitors to become 
incorporated into the host brain tissue in this experimen- 
tal paradigm. To further elucidate the role of multipo- 
tent cells for brain development, the identification of cell 
surface molecules specific for multipotent neural stem/ 
progenitor cells, similar to the identification of hemato- 
poietic stem cells (Weissmann. 1997), will be necessary. 
So far. the neural progenitor marker nestin (Lendahl et 
a/., 1990) has been identified, but its use is limited by the 
fact that it is present in lineage-restricted progenitors. 
The type of cells isolated with the cell culture system 
used here will have to be further characterized since 
both cell culture conditions and the age of the donor 
might effect the relative proportion of multipotent cells 
and lineage-restricted progenitors present in the cul- 
tured spheres (Svendsen eta/.. 1995; Williams and Price, 
1995). Interestingly, Kilpatrick and Bartlett (1995) have 
reported that isolation and growth of cells from older 
embryos than the ones used here (El 7) give rise to a 
population of glial-restricted progenitors under EGF 
stimulation, while cells grown in the presence of bFGF 
have multipotent properties. Moreover, Suhonen et a/. 
(1996) have recently shown that bFGF-dependent pro- 
genitors isolated from the adult brain can develop into 
both neurons and glia when transplanted to neurogenic 
areas (hippocampus or olfactory bulb) in adult recipi- 
ents. Modifications of the culture conditions, the age 
from which the cells are isolated, and the nature of the 
environment into which the cells are grafted may all be 
important factors in determining phenotypic differentia- 
tion of progenitor cells after intracerebral transplanta- 
tion. 

In conclusion, the present study shows that CNS- 
derived neural progenitors, propagated under EGF 
stimulation for several weeks in vitro, can become 
incorporated into the developing brain when reintro- 
duced into the embryonic brain environment by intra- 
uterine transplantation. The results suggest that the cells 
isolated in this way have similar in vivo properties 
regardless of the embryonic brain region from which 



FIG. 6. Migration routes of the transplanted cells toward tlie cortex and olfactory bulb. (A) Incorporation of the progenitor cells Into the cortex as 
seen by M2 staining in a sagittal section. No preference for specific cortical layers was observed and cells were found in both deep and superficial 
layers. (B) High-power view of A, showing astrocyte-like cellular profiles with very thin processes. (C and D) M2-positive cellular profiles could be 
traced along the forceps minor (FM) into the frontal cortex (CTX) and along the so-called olfactocortical tract into the olfactory bulb (OB), 
suggesting possible migratory routes for the grafted cells after they had passed the ventricular wall. (D) High-power view of C. showing the 
orientation of the M2-positive grafted cells along the forceps minor (FM). (E) M2 staining in the olfactory bulb. The cells were very often seen to 
aggregate in clusters. (F) High-power view of M2 staining in the olfactory bulb. The cells were always located in the glomerular layer (GL) or in the 
external plexiform layer (EPL), but never in the mitral cell layer (MC) or subjacent layers. (G) In situ hybridization for mouse satellite DNA on a 
section adjacent to F showing that the grafted mouse cells were exclusively located in areas of M2 (or M6) staining. (CTX, cortex: EPL, external 
plexiform layer; FM, forceps minor; GL, glomerular layer; MC, mitral cell layer; OB, olfactory bulb.) Scale bars: A, 500 pm; B. 60 pm; C, 650 pm; D, 
250 pm; E, 500 pm: and F and G. 250 pm. 
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they are derived and that the pattern of incorporation 
shows no preference for homotypic sites (striatum, 
cortex, or midbrain). The abihty of the cells to develop 
into glia indicates that the immature progenitors can 
undergo differentiation either by default or in response 
to environmental cues present in the developing host 
brain. The results show that EGF-responsive neural 
progenitor cells may provide an interesting tool to 
understand the processes of brain development and 
cellular diversity. Their interesting in vivo properties, 
and their ability to become incorporated into the host 
brain, suggest moreover that they may be useful for 
cell-based therapies in the CNS. 

EXPERIMENTAL METHODS 

Cell Culture 

Donor tissue was obtained from three different brain 
regions of E14 mouse embryos of timed pregnant CDl 
mice (BK Universal, Stockholm, Sweden): (1) the gangli- 
onic eminences (GE) including both the lateral and the 
medial ganglionic eminence, (2) a central portion of the 
frontoparietal cortical primordium (CTX), and (3) the 
ventral mesencephalon (VM). Pieces from 20 embryos 
were mechanically triturated into a single-cell suspen- 
sion. The cells were plated at a density of 100,000 
cells/ml in T75 culture flasks containing a serum-free 
medium composed of a 1:1 mixture of DMEM and F12 
(Gibco) supplemented with epidermal growth factor 
(EGF; 20 ng/ml; human recombinant; R&D Systems) 
and a defined hormone and salt mixture including 
insulin (25 pg/ml), transferrin (100 pg/ml), progester- 
one (20 nM), putrescine (60 pM), and sodium selenite 
(30 nM) (all from Sigma). 

For further transplantation experiments transgenic 
mice carrying the lacZ transgene under control of 
different promoters were used: GFAF-lacZ transgenic 
mice (Brenner et ai.. 1994; kind gift of Dr. Albee Messing, 
University of Wisconsin, Madison, WI), MBP-lacZ trans- 
genic mice (Wrabetz eta/., 1998; kind gift of Dr. Lawrence 
Wrabetz. San RafFaele Scientific Institute, Milano), and 
nestin-lacZ transgenic mice (Zimmermann et a/., 1994; 
kind gift of Dr. Urban Lendahl, Karolinska Institute, 
Stockholm, Sweden). The ganglionic eminences of El 4 
timed pregnant transgenic mice were dissected and cell 
cultures were established from each striatum separately. 
Expression of the nestin-lacZ transgene was assayed by 
X-gal histochemistry of the remaining brain tissue. The 
tissue was permeabilized in wash buffer containing 0.1 
M phosphate buffer (PB, pH 7.4). 2 mM MgClz. and 
0.02% Nonidet P-40, followed by incubation in 5 mM 



K3Fe(CN)6, 5 mM K4Fe(CN)6 • 3H2O, 1 mg/ml X-gal in 
wash buffer at 37°C for 2 h. Only cells derived from 
fetuses with transgene incorporation, i.e., the remaining 
brain tissue stained blue in the X-gal histochemistry, 
were used. To determine incorporation of the GFAP and 
MBP-lac Z transgenes into the fetal mouse genome, PGR 
was performed using unpurified DNA extracted from 
the remaining brain tissue, as described previously 
(Hanley and Merlie, 1991). Only cell lines established 
from transgenic fetuses were used in these experiments. 

Every 7 days, the free-floating spheres of precursor 
cells were centrifuged and mechanically dissociated to a 
single-cell suspension using a fire-polished Pasteur 
pipet followed by resuspension in new T75 flasks at a 
density of 50,000 cells/ml. This passaging procedure 
was performed in total five times prior to transplanta- 
tion. 

For in vitro differentiation, the stem cells were plated 
as single cells or as clusters on polyornithine-coated 
glass coverslips. EGF was removed from the cell culture 
medium and replaced by 1% fetal bovine serum. After 
5-10 days in vitro cells were fixed for 10 min with 4% 
paraformaldehyde (PFA), rinsed three times in 0.1 M PB, 
and processed for immunocytochemistry. 

In Utero Transplantation 

For transplantation, the progenitor cells were col- 
lected in DMEM/F12 3-4 days after the last passage 
when they had started to form small spheres of 5-20 
cells. This was done to ensure high cell viability during 
transplantation; pilot tests indicated that cell viability 
monitored by trypan blue dye exclusion was reduced in 
the single-cell suspensions several hours after collec- 
tion. The mouse precursor cells were injected into the 
ventricle of age-matched El 5 rat embryos in utero as 
previously described (Campbell et al, 1995). Timed 
pregnant Sprague-Dawley rats (BK Universal, Stock- 
holm, Sweden) were anaesthetized with halothane (1.5% 
halothane/air mixture) and a midline laparotomy was 
performed. The uterine horns were removed separately 
from the abdominal cavity and each embryo was ori- 
ented with help of transillumination so that the fore- 
brain ventricles were visible. One microliter of cell 
suspension containing approximately 100,000 cells de- 
rived from GE, CTX, or VM was injected freehand into 
the ventricle by one experimenter using a glass capillary 
(outer diameter: 50-70 pm) connected to a 10-pl Hamil- 
ton syringe (Nikkhah et al, 1994) while a second 
experimenter held the embryo in place. After transplan- 
tation the uterine horns were placed back into the 
abdomen, and the animal was sutured and left to give 
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birth. About 60% of the transplanted embryos were born 
and of those about 60% contained surviving transplants. 

At 4 weeks after birth, the rat pups were deeply 
anesthetized with chloral hydrate and perfused through 
the ascending aorta with 0.9% saline followed by ice- 
cold 4% PFA in 0.1 M PB. After postfixation overnight in 
PFA and dehydration in 20% sucrose/0.1 M PB, sagittal 
sections were cut at 30 pm thickness on a freezing 
microtome. Series of sections were processed for immu- 
nohistochemistry. 

Antibodies 

The primary antibodies used were mouse monoclonal 
antibodies to p-galactosidase (1:500; Sigma), 3-tubulin 
(1:1000; Sigma). GFAP (1:500; Boehringer), 04 (1:25; 
Boehringer-Mannheim). S-lOOp (1:1000; Sigma), and 
vimentin (1:25; DAKO); rat monoclonal antibodies to 
M2 and MB (1:50; kind gift of Dr. C. Lagenaur); and 
rabbit polyclonal antibodies to myelin basic protein 
(MBP; 1:250; Zymed), myelin proteolipid protein (PLP; 
1:250; Serotec). and nestin (1:1000; kind gift of Dn R. D. G. 
McKay). Secondary antibodies were FITC-conjugated 
and TRITC-conjugated antibodies to mouse, rat, or 
rabbit IgC (1:100; Sigma) or biotinylated antibodies to 
mouse, rat. or rabbit IgG (1:225; Vector). 

Immunocytochemistry 

For double-fluorescent immunocytochemistry, cul- 
tures were preincubated in 1% of the appropriate sera 
and 1% Triton-X 100 (Sigma) in 0.1 M PB for 1 h at room 
temperature. Following a 2-h incubation with the pri- 
mary antibodies at room temperature, the cultures were 
rinsed three times and incubated with the FITC- and 
TRITC-conjugated antibodies for 30 min at room tem- 
perature in the dark. 

For triple immunocytochemistry for GFAP. PLP, and 
the GFAP-lacZ reporter gene, cultures were exposed to 
the X-gal histochemistry overnight at 33*'C (blue reac- 
tion product). The next day cultures were reacted with a 
mouse monoclonal antibody to GFAP, followed by the 
mouse ABC Elite kit and labeling with AEC (red 
reaction product). After extensive washing cultures 
were reacted with a rabbit polyclonal antibody to PLP. 
followed by the rabbit ABC Elite system and labeling 
with 3,3-diaminobenzidine (DAB, 0.5 mg/ml, Sigma) 
with nickel intensification (black reaction product). 

Immunohistochemistry 

Series of sections were stained for M2 (Lund et a/., 
1989), M6 (Lund et aA, 1985), nestin. and vimentin. In 



addition, sections from transgenic animals were stained 
for X-gal histochemistry or p-galactosidase to detect 
transgene expression. In brief, following a 10-min incu- 
bation in 3% H2O2/10% methanol and a 1-h preincuba- 
tion in the appropriate serum, sections were incubated 
overnight in the primary antibody at room temperature. 
After three rinses with PB. sections were incubated in 
the appropriate biotinylated secondary antibody for 1 h, 
rinsed three times, and transferred to a Vectastain ABC 
solution for 1 h. DAB in 0.01% H2O2 served as the 
chromogen in the subsequent visualization reaction. 
Sections were mounted on chromalum-coated slides, 
dehydrated in ascending alcohol concentrations, cleared 
in xylene, and coverslipped in DPX. In addition, se- 
lected sections were processed for double-fluorescent 
immunohistochemistry with M2 and either GFAP or 
S-lOOp. 

In Situ Hybridization 

Another series of sections was processed for in situ 
hybridization for mouse satellite DNA as previously 
described (Briistle et ah, 1995). The sections were 
mounted on chromalum-coated slides, left to dry, and 
then fixed with 4 % PFA. After a 30-min preincubation in 
2X SSC and 5 mM EDTA at 37 X, the sections were 
digested with protease from Streptomyceus griseus (Sigma; 
25 pg/ml) in 2x SSC and 5 mM EDTA (pH 8.0) for 10 
min at 37°C. The sections were dehydrated in ascending 
ethanols and denatured in 70% formamide (2x SSC) for 
10 min at 90**C. Following additional dehydration with 
ice-cold ethanols. hybridization was carried out over- 
night at 37*'C with a digoxigenin end-labeled oligo- 
nucleotide probe to mouse satellite DNA (Horz and 
Altenburger, 1981; 15 ng/section, in 50% formamide, 4 X 
SSC, IX Denhardt s solution, 10% dextran sulfate, and 
500 pg/ml salmon sperm DNA at pH 7.0). After two 
30-min washes in 2x SSC and O.lx SSC at 37X and 
cooling to room temperature, labeled nuclei were visual- 
ized using alkaline phosphatase detection: Following 
preincubation in 2% normal goat serum (NGS)/0.2% 
Triton X-100 in buffer A (100 mM Tris-HCl. 150 mM 
NaCl, pH 7.5). sections were incubated for 4 h in an 
alkaline phosphatase-conjugated antibody to digoxi- 
genin (1:500. Boehringer-Mannheim) in 1% NGS/0.1% 
Triton X-lOO/buffer A. After three rinses with buffer A 
and a 2-min incubation in buffer B (100 mM Tris-HCl, 
100 mM NaCl. 50 mM MgClg, pH 9.5), labeled nuclei 
were visualized with 4-nitroblue tetrazolium (NBT; 340 
pg/ ml, Boehringer-Mannheim) and 5-bromo-4-chloro-3- 
indolyl phosphate (BCIP; 170 pg/ml. Boehringer- 
Mannheim) in buffer B for 4 h in the dark. 
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RESEARCH NEWS 



The rising star of neural stem cell 
research 



A neurt^cicnlisi. psr.ins up al "it'" 
full of sliuc-rins M«r»-*)mc of «hcn. bn^« 

viMbkw.innothclvbuibesinickbyiheMm. 

ibri., to brain «icnc«. Lft^ "«ny 
„pccuofncu.t).scicn«arcd«riydu«rn.bK. 

whereas oih« rcflain hidden from «6««. 
t«yo,«l »l« realm of current kftQwledju. 
Uliinwicly. -u will he necesjary to p.ccc togeth- 
er all ihU infoniwiion to obtain an acciirate 
picture of the nervom system and its mitcr 
workioBS. in this context, the rapidly srowntg 
Held of neural progenitor and stem cdl b.o o- 
promise* to bccon« an incrosingly hnj^u 
«,r in the co.T,in6 years. Two P'PC^ '" «'V« 
lOTC- provide a hint of the potential of neural 
stem ecu apprt«ches in replaament ihcraW 
■,nd as aindidaits for central nervous system 
(Ca<lS) gene thcmpy paradignw. 

OVCT the yean, enormouj attcni.on haa 
focused on understanding the dcveloptncmal 
oriuinsof the ncrvotisjystcm. Scientists have 
pottubtcd the existence of a single «cn. 

mother or queen of all celLs-iha s 
seir-rmewable and mullipotent (i.e.. 
of generating various conuriiitcd pn^"«o' 
„,ls and ultimately 'J' 
mature eclW. A neural stem ee^^ (NSG .^ 
dcHncdasasingle cell with thcab.hty.opro. 

Uferate. enhibil self-maintenance or ren^w.,i 
over the lifetime of the otBinism. generate a 
btre number of donally rcUted progeny. 
^„ Us muUiUneage potential over um;;. 
and produce ncNv cells in response to mjuty 
or discase'.This to criterion Im proved par- 
ticuLtrly troublesome for neuiobiologtsi^ 

As U is ditncult to determine whether a 
cell within the brain can dispby all o the fn- 
lutes listed above, investigators usuaUy prefa 
to use terms like -putative stem cells, stcn - 
like cells.* or -multipotcni ptogemtots to 
defme mitotic cells tlut do not seem to be 
terminally differentiated and "t";;" 
cells of mtiUiplc neural lineages. Ue interest 
" neural stem all biology derives, however. 

Trtflifl ZiMwt « (.uijwni pro/oJor (oijo«i© 
«niJ.med.M5/.«'") »nA Paul R. Sanbc,^ » 

mtd.usf.tdu) in tht dmncn of neuroiogreni 
J i/rgcry nnd flcx/rojeiena pntsram. 
Uniwfjiiy o/SoKfft f lorida CoHese of 
Maiieine. Tampa, FL3X12. 




. ■ Kfwin A singla «tem cell capable o( 
Figure t Lineage ot neural stem cells P'""";/" ^^^nom^^^ 
ert^ed acll.r;ne-.alf»idicatedl^the *"^^^°^^^^f^c<mon) or glioblasta (gSa 
" Saanilor edla that then S'T^^V^nSl'^.S^.S^ •"«• 9«»- 

STarS^t^lu^n^t:^^^^^ 



not only from its importance in undctstand- 
inc neural development, but alio m its 
potential for providing thcnpici to combat 
ncurodcgcneratWc disease. 

Until now. almost all our knowledge 
about the properties of NSaim been based 
on studies u..inB celU orig.natmg frwt 
cnibrytmic. neonatal, or adult rodcn CNS. 
■nte report by Evan Snyder and his collabota- 
,ors' in this issue provides strong evidence 
that human NSOatrable to perform myiiro 
and in vivo all the critical funaioni previous- 
l» described for dwir rodent counterpatu. 
The authors show that the clones of neural 
cells isolated from ventricular zone of the 
human fetal telencephalon, particularly the 
vemrieulartone.canbe safely and equally 
effectively propagated by either ep^euc 
(basic fibrobbst growth factor. bFGF) or 
eenetic (constitutlvely downregulaied v-mye) 
means. Importantly, these clones behave 
identically. After plating inw serwm-contam- 



ing medium, they ditferentbte 'Portt"""*' 
ly into neurons and glia. thus fuimimg the 

requirements of multipotency. 

m addition to celU expressing the vanety 
of differentiated lincagcspedfic mar1:ets. 
cch clone also contained new immature 
cclU. which could be passaged again. Tltese 
cells could Jive rise to a "cw population of 

donally rebted "'^'''"". l^Z, 

ing a variety of differeniiaied neural markm . 

of multiple neuraHineaBCS.olhe.s«p«s«ne 
,he marker of immature cells Ivmtenmi). 
which an: suitable for another 
securing the telf-rcnewabiUty of muUtpoteni 

""t^lS; potent"' ofthese cells as a 

vehicle for molecular therapies. Snyder and 
iSleagucsevaluatedtheabUity^ 
NSCs to correct a prototypical genetic defect 
Tn an in vitro model; the defect chosen was 
that underlyingTay^achs d«ea«. .nwhich 
The pathological «:cumuUuon of CM2 gan- 
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p» Northern blotting. RT-PCR, 
1^ -jiiAl other applications .. 



jjliosidc in the l>raiii IcJils to pr«i;rosi\T noi* 
rcdcgcncraiion. In tlu'ir cNpcrimciiLt, ihc 
nKUabulic dcfcci in primary neurit culture; 
could be eorrceied l>y Unman NSOi. TIk cftl* 
ctcy obscrvcil iiii:i;est< the icasihlliiy of usini; 
iiuman iNSCji to supply a vjrieiy of therapeu- 
tic ^ene proilucts to abmirmal neiirat cells in 
disease. 

Sn^'iler jnd his c(illeaf,ues subscquciuly 
tmpbnted the htiman NSC clones into itic 
lateral wniricle tif ncwlH>ro mice, where tl\ey 
iniegraied into ihesiibvemricularwnc. From 
this re^^ion. they mij*nueil extensively, cither 
along the subcoi ltcal white iiuiter or along 
the rostral migrauiry xtreanuand difTcrcntiat' 
cd uito cell types developmcitially approprt- 
ace for the time and region of the implanta- 
tion: Otisndeiidrocyics/aAmcytcs ia cortical 
and subcortical apons and neurons in (he 
olfactory' bulK respectively. When tmpbmed 
into the ccf^'beltum at the oppo^u'te end of the 
ncuraxis, they yielded dilterent neumnnl cell 
types, mainly eerebclbr granule cells. 

In addition, the human NSC clones were 
able to "read* the developmental cues oper- 
ating in different rv<*iuiu of ihc neonatal rat 
brain, and after completing their migration, 
expressed the phamtype of one of the three 
fundamental neural tineagcSw Importantly, 
clones engineered ci vivo by a nriroviral vec- 
tor to expnss an exogenous gcnc could 
express that gene in vivo* further establishing 
their clTicacy for molccubr gene therapy. 

Snyder s group also studied the effectivc- 
ncss of human NSCs lo repbce neurons ii^ a 
neurological mouse mutant of cell deficiency 
(somewhat like "ablation"). In the meander 
tail {men) miiiant, clwracicrizcd by a failure 
of granule neurons to develop and survive in 
ccncbcllum\ engrafted clones of human 
NSCs w'ere able to replace missing neurons 
and intermix with residual endogenous 
murine host granule neurons. The plasticity 
of human NSCs to respond to certain local 
Cues is even more impressive as they were not 
harvested from the postnatal brain or cere- 
bellum, but from the periventricular region 
of the fetal telenccpltalon, an area which pre- 
sunubly docs not normally give rise to cere* 
bellar granule neurons. 

Important and complementing observa- 
tions on the properties of human progenitor 
cells arc outlined in an accompanying artidc 
by Ron McKay and collcagucr. In their study, 
fcul hunun donor celts, albeit of unknown 
clonal rdaiionship, are deposited in the cere* 
bral veniricia of embryonic rats, allowing 
them inx access to brgc areas of the neuroep- 
ithclium. One to eight wccb after iranspbnia- 
tion. recipients of acutely dissociated and 
bFGF/epidernuil growth factor-created prepa- 
rations showed incorporated cdls in a variety 
of grey and white matta regions, where tbcy 
differentiated into all three major cell types.' 
This incorporation paiiem — previously 



described after intrauterine iranspbntaticui uf 
rndcni celbT' — suggcsu that donnr cell mit;ni- 
tion is not primarily determiiwd by ceil- 
atttoiiomous priiperiicji, but rather by guid- 
atiec cues within the hitsi braiii. 
tlc!p(in&iN*encss uf hunun ilomir cetU ti> 
migration cues within a ntdcni brain implies 
rcmarkalile cintseriMiinn uf thoe signal 
acniss species. 

Of paritcubr importance h their fmding 
that tranitpbntcd human cells are able ti> 
rv^ilacc large arc;»s oflhe subvctitricubr xime, 
which is known to serve as an endugeneiiuN 
stiurcc of multi|wtential ncuntl precursor* 
giving rise to neurons and glia ihrnughuut 
life*. Titus, the incurpnration nf hum;in neur- 
al precursors into the rat subventricular xone 
offers interesting insights into fuiun; cell 
repbcement strategics. 

Another important aspect of the study by 
MclCay and colleagues ts the. fntding that 
numerous human cells populating the white 
matter throughout the brain ucquirv an 
digodendrogtial phemuype and participate 
in the myelinaiinn of host axttni;. In the 
future, this model cuuld he used and 3d.iptcd 
in various ways to Study the mechanism of 
myelin repair in human demyelituting dis- 
eases, whereby widespread delivery of oligo- 
dendrocytes would be desirable; 

K glance at the literature rcvtaU the frv- 
queney with whtdi the term *'$tkm cell** has 
been used rather loosely and itiappnipriaie- 
ly*. Snyder s study emphasises liloiulity, ihc 
key for NSC defmiiion. allowing an assess- 
ment of the true potential of individual cdls. 
This will be an even more urgent require- 
ment when it comes to therapeutic applica- 
tions. The choice of the propag,ition tech- 
nique, epigcnetic or genetic, will depend on 
particular research or clinical problems. On 
the basis of the n^sults of the Snyder paper, 
they arc equally safe and cfTcclivc. Yet botl) 
these approaches warrant careful scrutiny 
before going into humans. Knowing that 
both methods arc giving comparable results 
will allow the pooling of data from various 
laboratories in order to apply them to human 
clinical ncnirobiology, with the liape that one 
day, the NSC could become the brightest of 
all start In the new millennium of ncuro- 
science and brain repair. 
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Engraftable human neural stem cells 
respond to developmental cues, replace 
neurons, and express foreign genes 
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stable clones of neural stem cells (NSCs) have been Isolated from the human ♦etal telencepha on 
ThesTself- e^ewlng dones give rise to all fundamental neural lineages in vitro. Fo low.ng ^a"=P '"S '°t 
ito qemiinarzones of the newborn mouse brain they participate in aspects of normal developrnent^ 
incluS^T miUtSDH along established migratory pathways to [^^r^nd nTn*^^ 

Sons differentiation into multiple developmentally and regionally appropnate ce 2';';'"^ "^^^^^ 
ru?tive interspersion with host progenitors and their progeny. These human NSCs <=-'^ ^e ^ene^ca^ 
enqineered and are capable of expressing foreign transgenes in vivo. Supporting their ge"« »»«^^Py 
ooSal secretory products from NSCs can correct a prototypical genetic metabolic defect in neurans 
a^d S in vi^°o^ human NSCs can also replace specific 

r^oorlse/Iable human NSCs may be propagated by both epigenetic and genetic means that are com- 
pa^ab' y ^afTand eTctL By analogy to rodent NSCs. these observations may allow the development of 

NSC transplantation for a range of disorders. 

Keywords: cdl therapy, progenitor cell, gene therapy. Tay-Sachs disease, transpianation, differentiation 



Neural stem cells (NSCs) are primordiaU uncommitted cells postu- 
lated to give rise to the arrav of more specialized cells of the central 
nervous svstem (CNS)"'. They are operationally defmed by their 
ability (1) to differentiate into cells of all neural lineages (i.e., neu- 
rons— ideallv of multiple subtypes, oligodendroglia, astroglia) m 
multiple regional and developmental contexts; (2) to self-renew (to 
give rise to new NSCs with similar potential); and (3) to populate 
developing and/or degenerating CNS regions. The demonstration 
of a monoclonal derivation of progeny is obligatory to the definition 
(i e.. a single cell must possess these attributes). With the earliest 
recognition that rodent neural cells with stem cell properties, prop- 
agated in culture, could be reimplanted into mammalian brain 
where they could reintegrate appropriately and stably express for- 
eign genes'^'\ gene therapists and neurobiologists began to specu- 
late how such a phenomenon might be harnessed for therapeutic 
advantage as well as for understanding developmental mechanisms. 
These, and the studies thev spawned (reviewed in refs. 14-16). pro- 
vided hope that the use of NSCs might circumvent some limitations 
of presently available graft material" and gene transfer vehicles' and 
make feasible a variety of therapeutic strategies. 

Neural cells with stem cell properties have been isolated from 
the embryonic, neonatal, and adult rodent CNS and propagated m 
vitro by a varietv of equally effective and safe means— both epige- 
netic (with mitogens such- as epidermal growth factor [EGFr or 
basic fibroblast erowth factor (bFGF]" or with membrane sub- 
straiei) and genetic (with propagating genes ' such as v-myc"'^ or 
large T-antigen ( T-AsVl Maintaining NSCs in a proliferative state 
in culture does not subvert their ability to respond to normal 
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developmental cues in vivo following transplantation (such as the 
ability to withdraw from the cell cycle, interact with host cells, and 
differentiate'"). These extremely plastic cells migrate and differen- 
tiate in a temporally and regionally appropriate manner particu- 
larly following implantation into germinal zones. Inierminghng 
nondisruptively with endogenous progenitors, responding simi- 
larly to local cues for their phenotypic determination, and appro- 
priately differentiating into diverse neuronal and glial types, they 
participate in normal development along the rodent neuraxis. In 
addition, they can express foreign genes in vivo*"-, often in widely 
disseminated CNS regions^'^. and are capable of neural cell 

replacement*. ' . i l 

The presumption has been that the biology that endows such 
rodent cells with their therapeutic potential is conserved in the 
human CNS. If true, then progress toward human applications 
mav be accelerated. We demonstrate the potential of clones of 
human NSCs to perform these critical functions in vitro and m 
vivo in a manner analogous to their rodent counterparts. 

Results and discussion 

Isolation, propagation, and cloning of human NSCs. The isola- 
tion, propagation, characterization, cloning, and transplantation 
of NSCs from the human CNS mirrored strategies used for the 
murine NSC clone C17.2 (propagated following transduction of a 
constitutivelv downregulated v-myc"'') and for growth factor- 
expanded murine NSC clones . NSCs-^ven genetically propagat- 
ed clones^ —require molecules like bFGF and/or EGF in serum- 
free medium to divide='^". Therefore, this dual responsiveness was 

3YC0PYR1QHTUW (TTn£17U-S.COOE) 
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chosen for both screening and enriching a starting population of 
stable, dissociated, cultured primary human neural tissue tor cells. 
Cells dissociated from human fetal telencephalon— particularly the 
ventricular zone, which has been postulated to harbor (in lower 
mammals I a rich NSC population —were initially grown as a poly- 
clonal population first in serum-supplemented and then m serum- 
free medium containing bFGF and/or EGF. Cells were transterred 
between media containing one or the other of the mitogens to 
select for dual responsiveness. Some populations were then main- 
tained in bFGF alone for subsequent manipulation and cloning; 
others were used for retrovirally mediated transduction of v-myc 
and subsequent cloning. 

To provide an unambiguous molecular tag for assessing the 
clonal relationships of the ceils, as well as to facilitate identification 
of some cells following transplantation and to assess their capacity 
to express exogenous genes in vivo, some bFGF-propagated sub- 
populations were infected with an amphotropic replication- 
incompetent retroviral vector encoding lacZ (and nco for selec- 
tion). Single resistant colonies were initially isolated by limiting 
dilution. Monoclonalit>- of the cells in a given colony was then con- 
firmed bv demonstrating the presence of only one copy of the 
iiJcZ/neo-encoding retrovirus, with a unique chromosomal inser- 
tion site, in clone HI, for example, all /acZ/neo-positive cells, had a 
single, common retroviral integration site indicating that they were 
derived from a single infected "parent" ceil (Fig. lA). 

In rodents, genes (such as v-mycand T-Ag) that interact with cell 
cycle regulatory proteins have been used to propagate NSCs*', neur- 
al progenitors*'*, and neuroblasts^ resulting in engraftable rodent 
NSC clones that can be manipulated and have therapeutic poten- 
tial". Therefore, some of the bFGF-mainiained human cell popula- 
tions, enriched for NSCs, were infected with an amphotropic, repli- 
cation-incompetent retroviral vector encoding v-myc and neo**" 
vielding multiple colonies. All of the putative clones had only one 
unique retroviral insertion site, demonstrating their monoclonality 
(Fig. IB). Five clones (H6, H9, DIO, C2, and EU) were generated 
and maintained in serum-free medium containing bFGF. - 

Multipotencv and self-renewal in vitro. In uncjated dishes and 
in serum-free medium supplemented with bFGF, all clones grew in 
culture as clusters that could be passaged weekly for at least 1 year 
(Fig. 2A). The cells within these clusters expressed vimentin, a 
neural progenitor marker". By dissociating these clusters and plat- 
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Figure 1. Southern blot analysis of retroviral insertion into human 
NSC clones. (A) Genomic DNA from clone H1 (propagated in bFGF 
and transduced with a retrovirus encoding /acZ and neo) digested 
with Hind 111 (cuts once within the provirus) and incubated with a 
radiolabeled neo probe. The murine NSC clone C17.2 contains two 
integrated proviruses encoding neo"*. DaOY is an uninfected human 
medulobiastoma cell line. (B) Genomic DNA from clones H9. H6, DIO. 
and C2 (propagated in bFGF and/or EGF and infected with a 
retrovirus encoding v-myc) were digested with BglU or BamHI (cuts 
once within the provirus) and probed for v-myc. C17.2 contains one 
v-myc-encoding provirus. 



ing them in serum-containing medium, these clones differentiated 
spontaneouslv into neurons and oligodendrocytes (Figs. 2B and 
C). After 5 days under these differentiating conditions, 90% of the 
cells in all clones became immunoreactivc for the neuronal marker 
neurofilament (NF; Fig. 2B); 10% expressed CNPase, a marker tor 
oligodendroglia (Fig. 2C). Mature astroglia containing glial fibril- 
lary acidic protein (GFAP) were not initially observed, even after I 
month under these culture conditions. However, GFAP production 
could be induced bv coculture with primary dissociated embryon- 
ic murine CNS tissue (Fig, 2D). In addition to cells expressing the 
varietv of differentiated lineage-specific markers (establishing 
"multipotency"), each clone gave rise to new immature vimentin- 
positive cells (Fig. 2E), which could, upon subsequent passage, give 
rise to new cells expressing multiple differentiated neural markers 
as well as to new vimentin-positive passageable cells (i.e.. "self- 
renewabilir>'"). All the clones, whether genetically modified or epi- 
genetically maintained, were similar in vitro. 

Abilit\' to cross-correct a genetic defect. To assess their poten- 
tial as vehicles for molecular therapies, we compared the ability of 
human NSCs to complement a prototypical genetic defect to 
murine nSCs'\ The neurogenetic defect chosen was in the a-sub- 
unit of p-hexosaminidase. a mutation that leads to hex- 
osaminidase-A deficiencv and a failure to metabolize GM: gan- 
glioside to GM. (Tay-Sachs disease ITSDj). Pathologic GM^ accu- 
mulation in the brain leads to progressive neurodegeneration. The 
ability of human N SCs to cross-correct was compared with that ot 
two established murine NSC clones: C17.2 and a subclone of 
C17.2 (C17.2H) engineered via retroviral transduction of the 
human a-subunit gene to overexpress hexosaminidase". These 
murine NSC clones secrete functional hexosaminidase-A". A 
transgenic mouse with an a-subunit deletion" permitted exami- 
nation of the abilitv of human NSCs to secrete a gene product 
capable of rescuing TSD neural cells. NSCs (murine and human) 
were cocultured with dissociated TSD mouse brain cells from 
which thev were separated by a porous membrane that allowed 
passage of'hexosaminidase but not cells. After 10 days, the mutant 
neural cells were examined: ( I ) for the presence of hexosaminidase 
activity (Fig. 3A-C, and M); (2) with antibodies to the a-subunit 
and to CNS cell type markers to determine which TSD neural cells 
internalized corrective gene product (Fig. 3D-L); and (3) for 
reduction in GM, storage (Fig. 3N). While there was minimal 
intrinsic hexosaminidase activity in TSD cells cultured alone (Fig. 
3 A), hexosaminidase activity increased to normal intensity when 
the cells were cocultured with murine or human NSCs (Fig. 3B 
and C). The extent of human NSC-mediated cross-correction 
matched the success of murine NSCs, yielding percentages of hex- 
osaminidase-positive TSD cells significantly greater than in 
untreated controls (p<0.0l) (Fig. 3M). All neural cell types from 
the TSD mouse brain were corrected (Figs. 3D-L). The percentage 
of TSD CNS cells without abnormal GM. accumulation was sig- 
nificantly lower in those exposed to secretory products from 
human NSCs than in untreated TSD cultures (p<0.0l ), approach- 
ing those from wild-type mouse brain (Fig. 3N). 

Multipotencv and plasticity in vivo. We next determined 
whether human NSC clones (whether epigenetically or genetically 
propagated) could respond appropriately to normal developmental 
cues in vivo, which include migrating appropriately; integrating 
into host parenchyma; and differentiating into neural cell types 
appropriate to a given region s stage of development, even it that 
stage is not the one in which the NSCs were obtained. Although 
there are many approaches for testing these qualities*"', we used 
paradigms similar to those we have used with murine NSCs to 
assess their developmental abilit/. When murine NSC clones arc 
implanted into the cerebral ventricles of newborn mice, the cells 
engraft in the subventricular germinal zone (SVZ)" and follow the 



NATURE BIOTECHNOLOGY VOLUME 16 NOVEMBER 1998 



RESEARCH 



established pathways used by endogenous provieniiors, either 
miuraiinc aiong the rostral migratory stream i RMS) to the olfacto- 
Tv bulb foB), becoming neurons\ or migrating into subcortical 
and cortical regions (where gliogenesis predominates and neuroge- 
nesis has ceased) becoming^oligodendroglia and astroglia l When 
transplanted into the germinal zone of the neonatal mouse cerebel- 
lum (the external germinal layer |EGL1 ). these same NSCs migrate 
inward and differentiate into granule neurons in the emerging 
internal granule cell layer (IGL)"*. Following intraventricular 
implantation, human NSC clones emulated the developmentally 
appropriate behavior of their murine counterparts (Fig. 4 and 5). 
The engrahment, migration, and differentiation of epigenelically 
perpetuated clones were identical to that of v-myc perpetuated 
clones. Three of the five v-myc clones engrafted well (Table I). 





Figure 2. Characterization of human NSCs in vitro. (A) NSCs grown in 
serum-free medium. Immunostaining for (B) the neuronal marker 
neurofilament or (C) the oiigodendroglia marker CNPase in serum- 
containing medium. (D) Immunostaining for the astrocyte marker 
human GFAP upon coculture v»rith primary murine CNS cultures. (E) 
Immunostaining for the immature neural marker vimentin at transfer 
to serum-containing medium. 
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Figure 3. Dissociated brain cells from mice v*/ith mutated a-subunit of 
3-hexosaminidase (Tay-Sachs disease) cocultured with human 
NSCs (A-C) Hexosaminidase activity determined by NASBG 
histochemistry. (A) TSD neural ceils (arrows) not exposed to NSCs. 
TSO cells exposed to secretory products from (B) murine NSC clone 
C17 2H or from (C) human NSCs. (D-L) TSD cells cocultured with 
human NSCs immunostained with a (D-F) fluorescein-iabeled 
antibody to the human a-subunit o( S-hexosaminidase and (G-l) with 
antibodies to neural cell type-specific antigens. (G) Neuronal- 
specific NeuN marker; (H) glial specific GFAP marken and (I) 
precursor maker, ncstin. (J-L) Dual filter microscopy of the a-subunit 
and cell-type markers. (M) Percentage of (J-hexosamintdase positive 
TSD cells- -/-• TSD a-subunit-null cells; TSD cells exposed to 
secretory products from C17.2+ murine NSCs; C17.2H+: murine NSC 
engineered to overexpress murine hexosaminidase; +human: human 
NSCs. (N) GM. accumulation in TSD cells; labels as in (M); +/+: wild- 
type mouse brain. 
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Figure 4. Migration of human NSCs following engraftment into the 
SVZ of newborn mice. (A,B) Human NSCs 24 h after transplantation. 
(A) Donor-derived cell (red) interspersed with (B) densely packed 
endogenous SVZ ceils, visualized by DAPI (blue) in the merged 
image. (C) Donor-derived cells (red) within the subcortical white 
matter (arrow) and corpus callosum (c) and their site of implantation 
in the lateral venticles (LV). Arrow indicates the cell shown at higher 
magnification within the inset. (D) Donor-derived cell migration from 
the SVZ into the rostral migratory stream (RMS) leading to the 
olfactory bulb (OB), in a cresyl-violet counterstained parasagittal 
section; gl: glomerular layen pi: plexiform layer m: mitral layer; gn 
granular layer. Scale bars: 100 pm. (E) Higher magnification of area 
indicated by the arrow in (D). Brown staining indicates BrDU- 
immunoperoxidase-positive donor-derived cells. 
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Rgure 5. Characterization of human NSC clones in vivo 
tollovring engraftment into SVZ of neonatal mice. (A-C) 
LacZ-expressing donor-derived cells from human NSC 
done H1 detected v«th (A,B) Xgal and with (C) anti-p- 
galactosidase within (A) the periventricular and subcortical 
whrte matter regions and (B.C) OB granule layer. The arrows 
in (A) indicate the lateral ventricles. (C>-G) BrdU-labeled 
NSCs (clone H6) implanted into the SVZ at birth identified in 
the OB with a (D) human-specific NF antibody and by (E-G) 
Brdtl ICC via confocal microscopy. (E) BrdU-positive cell 
visualized by fluorescein; (F) anti-NeuN+ antibody 
visualized by Texas Red; (G) same cell visualized by dual 
filter. Donor-derived clone H6 in the adult subcortical white 
matter double-labeled with (H) an oligodendrocyte-specKic 
antibody to CNPase and (I) BrdU. The arrowhead in (H) 
indicates a cytoplasmic process extending from the soma. 
(J) Donor-derived astrocytes (clone H6) in the adult 
subcortical white matter (indicated by the arrow) and 
striatum following neonatal intraventricular implantation, 
immunostained with a human astrocyte-specific anti-GFAP 
antibody. Inset is higher magnification. (K-Q) Expression of 
vmyc by human NSC clone H6 (K-N) 24 hours and (0-0) 3 
weeks following engraftment in the SVZ. (K,M,0) DAPI 
nuclear stains of the adjacent panels (L,N,P), 
immunostained for v-myc and (Q) immunostained for BrdU- 
positive donor-derived ceils. (Q) is same as (P). Scale bars: 
(A and K): 100 pm; (D and E): 10 pm; (O): 50 pm. 



Human NSCs integrated into the SVZ within 48 h following 
implantation (Figs/4A and B, 5K-N). As with endogenous SVZ 
progenitors, engrafted human NSCs migrated out along the sub- 
cortical white matter by 2 weeks following engraftment (Fig. 4C), 
and, bv 3-5 weeks had appropriately differentiated into oligoden- 
drocytes and astrocytes (Fig. 5 A and H-)). The ready detection of 
donor-derived astrocytes in vivo (Fig. 51) contrasts with the initial 
absence of mature astrocytes when human NSC clones were main- 
tained in vitro in isolation from the in vivo environment (Fig. 2D). 
Signals emanating from other components of the murine CNS 
appear necessary for promoting astrocyte differentiation and/or 
maturation from multipotent cells. 

Endogenous SVZ progenitors also migrate anteriorly along the 
RMS and differentiate into OB interneurons By 1 week following 
transplantation, a subpopulation of donor-derived human cells 
from the SVZ migrated along the RMS (Fig. 4D and E). In some 
cases, these cells migrated together in small groups (Fig. 4E). a 




Figure 6. Transplantation of human NSCs into granule neuron- 
deficient cerebellum. (A-G) Donor-derived cells (clone H6) identified 
in the mature cerebellum by anti-BrDU immunoperoxidase 
cytochemistry (brown nuclei) follov«ng implantation into and 
migration from the neonatal mea ECU (A) The internal granule cell 
layer (IGL and arrowheads) within the parasagittal section of the 
cerebellum. (B) Higher magnification of the posterior lobe indicated 
by "b" in (A). (C-G) Increasing magnifications of donor-derived cells 
within the IGL of a mea anterior lobe (different animal from [A,B1). (G) 
Normarski optics: residual host granule neurons indicated by 
arrowheads, representative BrDU positive donor-derived neuron 
indicated by the arrow. (H) Colabeling with anti-BrDU (green) and (I) 
NeuN (red) indicated with arrows. Arrowhead indicates 
BrDU+ZNeuN- cell. (J) Fluorescent in situ hybridization of cells within 
the IGL using a human-specific probe (red). Scale bars: (A and B): 
100 pm; (F, G. and J): 10 pm. 
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Table 1. Human neural stem cell clones. 



Clone 


Propagation technique 


Engrattable 


HI 


bFGF 


+ 


H6 


v-myc 


+ 


H9 


v-myc 


+ 


611 


v-myc 


+ 


D10 


v-myc 




C2 


v-myc 





behav,or typical of endogenous murine SVZ P;-;^""""'' ^l]^" 
weeks following transplantation, a subpopulation of donor- 
Irived neuron?(human-specif.c NF-pos.tive cells) were present 
w,thin the parenchyma of the OB. intermingled w.th host neurons 
(Fie 5B-G). Not only were these donor-derived cells human NF- 
pofitive (Fig. 5D). but, when sections through the OB were reacted 
with both an antibody against BrDU (to identify P^«='f '^l'^/^ . 
derived human cells) and with an antibody to the mature neuronal 
maTke? a large number of double-labeled BrDU./NeuN. 

donor-derived cells were integrated within the granule layer (Fig. 
5E-G). mimicking the NeuN expression pattern ot endogenous, 
host, murine interneurons (Fig. 5F and G). 

Identical clones were implanted into a different germinal zone 
at the opposite end of the neuraxis to determine their P'^siticity. 
Transplants of the same human NSCs into the EGLs o newborn 
lus? cerebella appropriately yielded different neuronal cell type 
in this different location, primarily cerebellar granule cells in the 
IGL (Fie. 6A-1). detailed below. , ■ 

The«fore. in vivo-as in vitro (Fig. 2)-all engraftable human 
NSC clones gave rise to cells in all three fundamenta neural lin^ 
eages: neurons (Figs. 5D-G and 6), °"8odendrocytes (Fig. 5H and 
1) and astrocytes (Fig. 51). Not only did transplanted brains look 
histologically normal (donor cells migrated and integrated seam- 
lesslv into host parenchyma yielding no discernible gratt margins), 
but engrafted animals exhibited no indications of neurologic dys- 
function. Thus, structures that received contributions trom donor 
human NSCs appeared to have developed normally 

Although most clones engrafted well, two appeared to engratt 
Doorlv (Table 1). Nevertheless, in vitro these clones displayed char- 
LTeristlcs seemingly identical to those of the -re robust v 
enerafting clones. Thus, ostensibly equivalent muhipotency in 
vuro does not necessarily translate into equivalent potential in 
vivo, suggesting that each clone should be individually tested. Th. 
observation also suggests that transplantation of mixed polydona 
populations, because of their shifting representations ot various 
clones may be a problematic strategy. 

Fo;eTgn transgene expression in vivo. Many CNS gene therapy 
needs require that donor cells express foreign genes in widely dis- 
seminated locations- (in addition to being able to do so in 
rnTtomically restricted regions",. Murine NSC c ones have t^s 
capacit^'^% Human NSCs appear similarly capable. A representa 
tive retrovirallv transduced. lacZ-expressing clone (F.g. dA-C) 
continued to produce |3-galactosidase after migration to. and sta- 
ble integration and maturation wiihin. host parenchyma at distant 

sites in theimature animal. , . r , „vnrp< 

Spontaneous constitutive downregulation of v-myc expres- 
sion. In the case of genetically manipulated human NSC donesahe 
propaeating gene product v-myc is undetectable in donor burn n 
cells bevond 24-48 h following engrattment (F.g. dK-Q) despite 
the fact' that the brains of transplant recipients contain numerous 
stablv enerafted. healthy, well-differentiated, nondisruptive. 
do^or-derfved cells (Figs. 4. 5A-1 and Q, and 6). Identical findings 
have been observed with v-.Myf-propagated murine NbC clones in 
which v-mvc downregulation occurs constitutively ^"'^ SP«""- 
neously and correlates with the typical quiescence ot engratted cells 
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within H-48 h posttransplaniation. These observations suggest 
that v-mvc is regulated bv the normal developmental mechanisms 
ha dow ^gulate endogenous cellular myc in CNS precursors 
during mitotic arrest and/or differentiation. The loss of v-myc 
ex" «sion from stably engrafted NSCs following transplantation is 
onsistent with the invariant absence ot brain tumors dcnved from 
implanted v-myc-propagated NSCs. even after «veral years .n 
mice"'. As with mouse NSCs. neoplasms are never seen using 

Neur'lf^eU replacement in vivo. Neurologic mouse mutants 
have provided ideal models for testing specific neural cell replace- 
ment strategies. The meander tailimea) mutant is one such model 
S n u "defeneration and impaired development. Mea is charac- 
tered bv a cell-autonomous failure of granule neurons to develop 
and/or survive in the cerebellum, especially in the anterior lobe 
Murine NSCs are capable of reconstituting the granule neuro 
deficient IGL". To assess whether human cells may be comparably 
effective in replacing neurons in CNS disorders, hurnan NSC 
clones were engrafted into EGLs of newborn me« ««bella. When 
analyzed at the completion of cerebellar « Wen"^- dono-- 
derived human cells were present throughout the IGL (Fig. t.)^ 
Thev possessed the definitive size, morphology, and location ot 
cerebellar granule neurons (Fig. 6E-G). identical to the few resid- 
ual endogenous murine host granule neurons with which they 
were intermixed (Fig. 6G). That these replacement ne"™"*J^"*= 
of human origin was confirn-.ed by fluorescence in hybndiza - 
tion (FISH), using a human-specific chromosomal probe (Fig. 61 ). 
The neuronal phenotype was confirmed by demonstrating tha 
most engrafted cells in the mea IGL were immunoreactive for 
NeuN (Fig. 6H and 1); as in the OB. endogenous mterneurons m 
ihe IGL similarly express NeuN. Thus, engrafted NSCs of human 
origin appear sufficiently plastic to respond '"PP^P""' "r"^' 
ing local cues for lineage determination: recall that the donor 
human cells were not initially derived from a postnatal brain or 
from a cerebellum. Furthermore, human NSCs may be capable of 
appropriate neural cell replacement, much as murme NSCs are . 
While manv eene therapy vehicles depend on relaying new genetic 
information \hrough established neural .'='^="'.»7j''" ""^^ 
fact, have degenerated-NSCs may participate in the reconstitu- 
tion of these pathways. r 

We have presented evidence that neural cells with "em cell fea- 
tures mav be isolated from human brains and emulate NSCs in 
lower mammals", vouchsafing conservation ot neurodevelopmen- 
tal principles and suggesting that this cell type may be appl'ed to a 
range of research and clinical problems in humans. NSCs may 
serve as adiuncts to other cellular', viral' . and nonv.ral vectors 
including other human-derived neural cells^ Not only might the 
clones described here serve these functions, but our data suggest 
that investigators may readily utilize NSCs trom other human 
material via a variety of equallv sate and etfective ep.genetic and 
genetic means. That'the methods used here yielded conriparab 
cells suggests that investigators may choose the technique that best 
sirves their needs. Insights from studies of NSCs perpetuated by 
one strategy may be legitimately joined to those denved from s ud- 
ies using oVhers. providing a more complete picture of NSC biology 
and its applications. 

Snre"?a' ^:o'X:l or ..r... NSO i. culture. A suspension of 
~rv di sociaied nLfal cells ,5x ,0 cclls/mU. mi.iallv prepared and s a- 
b lured from the periventricular region o. ihc ^l-";"^^'"" "'^ 
week human ictus" was plated on uncoa.ed tissue ^^^^J^/^.^ 
Cambrid«e. MA, in the tollowin* urowih medmn,: Dulbeccos Mod tieo 

um .Oibco. Grand Island. NY, to whi.h ua, added bFGF I '0-'° ^i^^; , , 
heparin ,S MS/ml> ""d"" ECF (10-:0M!«ml,. Medium was .hanged ever> . 
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davs. Cell augTccatcs were dissociated in iryps.n-EDTA (0.05%) when >I0 
cell diameters m size and replatcd in growth medium at d x 10 cells/ml. 

Differcniiaiing culture conditions. Dissociated NSCs were plated on poiy- 
..Ivsine (PLLl-coatcd .lides (Nunc. NaperviUe, ID in DMEM - 10% fcial 
bovine serum ( FBS) and processed weekly for immunocytochcmisiry (ICC), 
m most cases, diffcremiaiion occurred spomaneously. For astrocytic matura- 
tion, denes were cocultured with primary dissociated embryonic CD-I 
mouse brain\ 

Reuovirus-mcdiaied gene transfer. Two xcnotropic. replication-incompe- 
tent retroviral vectors were used to infect human NSCs. A vector encoding 
lacZ was similar to liAG'" except for the PC 13 xenotropic envelope. An 
amphotropic vector encoding v-myc was generated using the ecotropic vector 
described tor generating murine NSC clone C17,2 (ref. 20) to infect the CP + 
trnvAM12 amphotropic packaging line". No helper virus was produced. 
Infection of bFGF- and/or EGF-mainiained human iicural cells with cither 
vector (4x10' colonv-forming units) was as described'"*. 

Cloning of human NSCs. Cells were dissociated, diluted to 1 cell/1 5 m1 and 
plated at 15 nl/well of a Terasaki or 96.well dish. Wells with single cells were 
immediatclv identified. Sincle-cell clones were expanded and mamtained in 
bFGF-containing growth medium. Monoclonality was confirmed by identi- 
fying a sincle and idcmical genomic insertion site by Southern blot analysis 
for either \hc lacZ- or the I'-myc-^ncoding provirus m all progeny as 
described- The v-myc probe was generated by nick translation labeling with 
' P dCTP; a probe to the nco sequence of the iacZ-encoding vector was gener- 
ated bv PGR using 'T dCTP. 

Crvopreservation. Trypsinizcd human cells were resuspended in a freezing 
solution comprising 10% dimethyl sulfoxide, 50% FBS, and 40% bFGF-con- 
taining growth medium and brought slowly to - 1 40''C. 

Cross-correction of mutation-induced P-hcxosaminidase deficiency. The 
murine NSC clones C17.2 and C17.2H (ref. 22) were maintained in similar 
serum-free conditions as the human cells. NSCs were cocultured in a tran- 
swcll system with primary dissociated neural cultures'" from the brains of 
cither wild-type or a-subunit null (TSD) neonatal micc^ . These cultures 
were prepared under scrum-free conditions, plated onto PLL-coated glass 
coverslips. and maintained in the medium described for NSCs. To assess pro- 
duction of a secrcublc gene product capable of rescuing the mutant phcno- 
type NSCs (murine and human) were cultured on one side of a membrane 
with 0 4 pm pores (sufficient to allow passage of hexosaminidase but not 
cells). The membrane was immersed in a well at the bottom of which rested 
the coverslip. After 10 davs, coverslips were examined tor hexosaminidase 
activity; for expression of the a-subunit in cells of various CNS hneages; for 
reduction in CM. storacc. Hexosaminidase activity was assaved by standard 
histochemical techniques using the substrate napthol-AS-BI-N-acetyl.p-l>- 
clucuroniside (NASBG)^'; cells stain increasingly pmk-red m direct propor- 
iion to their enzvmc activity. NASBG staining of dissociated wild-type mouse 
brain cells served as a positive control for both intensity of normal staining 
and percentage of NASBG-positive cells (- 100%). Neural cell types were 
identified bv ICC with antibodies to standard markers: tor neurons, NeuN 
(MOO- gift of R. Mullen. Chcmicorp. Temecula, CA); for astrocytes. GFAP 
(1-500- Sicma. Si. Louis. MO); for oligodendrocytes. CNPase (1:500: 
Sternbergcr Monodonals, Baltimore, MD); and for immature undiffereniiai- 
cd procenitors. nestin (1:1000; Pharmingen. San Diego, CA). The a-subunit 
of huT^ian (i- hexosaminidase was detected with a specific aniibodr. Cells 
were assessed for dual immunoreaciivity to that antibody and to the cell type- 
specific antibodies to assess which TSD CNS cell types had internalized 
enzyme from human NSCs. Intracytoplasmic GM, was recognized by a spe- 
cificanttbodr . 

Transplantation. For some models, each lateral ventricle of cryoanes- 
ihetized postnatal dav 0 (POl mice was injected as described ' with 2 ^ll ot 
NSCs suspended in phosphate buffered saiine (PBS) (4x10' ccIIs/mD. For 
other models. 2 \i\ of the NSC suspension were implanted into the EGL of 
each cerebellar hemisphere and the vermis as described'". All transplant 
recipients and umranspianied controls received daily cyclosporin 10 mg/kg 
uiven mtrapcntoncallv (Sandoz, East Hanover, N|) beginning on day ot 
iTanspi.-ini. CDl and tnca mouse colonies are maintained in our lab. 

Detection and characterization of donor human NSCs in vivo, lirains of 
iransptanted mice were tlxed and crvoscciioned as described • at serial time 
points- IM, r:. and wceklv through 3 weeks ot age. Prior lo transplantation, 
some human cells were transduced with UuZ. Jo control tor aiul circumvent 
the risk of transuene downreguiaiion. celis were also preUibcled either bv ,n 
vitro exposure to BrDU 120 mM; 4S h prior to transplaniaiion ) and/or w.ih 
the mmdiftusible vital tiuoresccnl mcmtnane dve VKW-lt^ (imniedutcly 



prior to transplantation as per Sigma protocol*. Engrafted cells were then 
detected, as appropriate, by Xgal histochemistry- by ICC ^"l'^^;*;" 
against 3-galactosidase'' (1:1000. XXX, Durham. NO. 1^^^^^ 
Boehrincer. Indianapolis, IN), human-specific NF (1:150; Bo^»J^ringer), 
and/or human-specific GFAP (1:200; Stcrnberger Monodonals); by FISH 
usinc a dicoxi«jenin.iabeled probe complementary to regions of the cen- 
tromere present uniquely and specifically on all human chromosomes 
(Oncor.Gaithersburg, MD); and/or by PKH-26 fiuorescence (through a 
Texas Red ITR] filter), with nondiffusibility having been verified for NSCs. 
Cell type identity of donor-derived cells was also established as necessary by 
dual stainint; with antibodies to neural cell typc-spccific markers: anii-NF 
(1:250; Sternberger) and anti-NeuN (1:20) to idemify neurons; anti-CNPase 
(1:200-1 :500) to identify oligodendrocytes; and anti-GFAP ( 1:150) to identi- 
fy astrocytes. Immunostaining used standard procedures" and a TR-coniu- 
gated secondary amibody (1:200; Vector, Burlingamc. CA). 
Immunoreactivity to human-specific antibodies also used standard proce- 
dures and a fiuorcsccin-conjugaicd antimousc IgG secondary antibody 
(1-200- Vector). To reveal BrDU -intercalated cells, tissue sections were first 
incubated in 2N HCl (37-C for 30 min), washed twice in 0.1 M sodium 
borate buffer (pH 8.3 ), washed ihrice in PBS. and permeabilized before expo- 
sure to anti-BrDU. Immunoreactivity was revealed with cither a fiuorescem- 
coniugated ( 1:250; lackson. West Grove, PA) or a bioiinylatcd (1:200; Vector) 
secondary antibody. V-myc expression (unique to donor-derived cells) was 
assessed with an antibodv to the protein ( 1:1000; UBI. Uke Placid. NY). To 
visualize cellular nuclei, sections were incubated in the blue fiuoresccnt 
nuclear label DAPI (10 min at lO^Cl FISH for the human-specific cen- 
tromere probe was performed on cryoscctions from 4% paraformalde- 
hvde/''% glutaraldehvde-fixcd brains that were permcabihzcd. incubated m 
0 2 N HCl, exposed to proteinase K ( 100 pg/ml in 0.1 M Tris. 0.005 M EDTA 
IpH 8 01). washed (0.1% glycine), and rinsed (50% formamide/2x SSC). 
Probe was then added to the sections, which were coverslippcd. denatured 
( lOO'C for 10 min), hybridized ( 1 5 h at 3rC). and washed (per manufactur- 
er s protocol). Probe was detected by an antidigoxigcnin TR-conjugated anti- 
body (Boehringer) diluted 1:5 in 0.5% bovine serum albumin + 5% normal 
human serum in PBS. For some donor cells, multiple detection techniques 
were performed. 
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Limited experimental access to the central nervous system (CNS) is a key problem in the study of 
human neural development, disease, and regeneration. We have addressed this problem by generatmg 
neural chimeras composed of human and rodent cells. Fetal human brain cells implanted into the cere- 
bral ventricles of embryonic rats incorporate individually into all major compartments of the brain, gener- 
atinq widespread CNS chimerism. The human cells differentiate into neurons, astrocytes, and oligoden- 
drocytes. which populate the host fore-, mid-, and hindbrain. These chimeras provide a unique model to 
study human neural cell migration and differentiation in a functional nervous system. 

Keywords: stem ceiU neural progenitor celK cell therapy 



Detailed knowledge of the molecular signals controlUng human 
precursor cell migration and differentiation is a prerequisite for the 
understanding of human central nervous system (CNS) develop- 
ment. While individual aspects of cell migration and differentia- 
tion are accessible in vitro> the molecular interactions governing 
these events in a complex system such as the developing CNS can 
be studied only in vivo. Data on neural migration and differentia- 
tion in an intact nervous system are particularly important for the 
design of cell replacement strategies for the treatment of human 
CNS disorders. An experimental model that permits the analysis of 
normal and disease-derived human neurons and glia in an unper- 
turbed nervous system would greatly facilitate the study of human 
CNS development, disease, and repair. 

Self-renewing multipotential neural stem cells can be isolated 
from both the embrvonic and adult rodent brain and generate all 
three major cell types of the CNS' -'. Similarly, human neural pre- 
cursors can be cultured in the presence of basic fibroblast growth 
factor (FGF2) and. upon growth factor withdrawal, differentiate 
into neurons, astrocytes, and oligodendrocytes'". To analyze the 
properties of human neural precursors in vivo, we have developed a 
transplant paradigm in which human cells are individually incor- 
porated into a xenogeneic host brain without eliciting traumatic or 
immunological reactions. Human donor cells were not implanted 
into the brain tissue but merely deposited in the cerebral ventricles 
of embrvonic rats, allowing them free access to large areas of the 
neuroepitheliunr\ The human donor cells left the ventricle and 
migrated in large numbers into the rat brain where they differenti- 
ated along with the endogenous cells into neurons and glia. We 
propose that this new approach can be used for the in vivo study of 
the biological properties of primary and disease-derived human 
neural precursors as a prelude to the design of therapeutic strate- 
gies for neurodegenerative diseases. 

Results 

Widespread incorporation of transplanted human precursors. 

I ■ ■ 1 n r ■ -M tAi LAJk.\d DC ti^rvr^r^ircrs 



Human neural precursors isolated from fetal brain fragments 
recovered 53-74 days postconception were transplanted immedi- 
ately or after culture in defined medium containing FGF2 and/or 
epidermal growth factor (EGF). which promote growth of multi- 
potent rodent neural precursors in vitro'-. Cells were either grown 
as monolaver cultures or propagated in uncoated tissue culture 
dishes to form fioating spheres* '". In both types of cultures, differ- 
entiation into neurons, astrocytes, and oligodendrocytes could be 
readily induced by growth factor withdrawal'. 

Using intrauterine surgery, human donor cells were grafted into 
the telencephalic vesicle of embryonic day (E)17-E18 rats". The 
transplanted cells were traced by DNA in situ hybridization with a 
human-specific probe to the alu repeat element'" and immunohisto- 
chemistry with a human-specific antibody to glutathione-S-trans- 
ferase (GSTtc). One to eight weeks after transplantation, recipients of 
acutelv dissociated (n= 12) and growth factor- treated preparations 
(n= 32) showed incorporated human cells in a variety of gray matter 
regions, including olfactory bulb, cortex (Fig. lA), hippocampus, 
striaium(Fig. IB and 2). septum (Fig. 3C), tectum (Figs. lCand3F), 
thalamus (Fig. 3D), hypothalamus (Figs. 4D-F). and brain stem. 
Human cells were s>'mmetricaily distributed in recipient brains 
grafted with single cell suspensions (Fig. 3C). Animals examined 
during the first postnatal week also exhibited small clusters of resid- 
ual donor cells attached to the ventricle walls (Fig. 3A). Transplanted 
spheres were entrapped in periventricular locations and gave rise to a 
halo of cells that migrated long distances into the host brain (Fig. 
3D). Seven to eight weeks after transplantation, sphere-derived cells 
were found distributed over large areas of the recipient brain (Fig. 
ID-E. 3F. 4A-H, 5bl. Both freshly dissociated and cuhured human 
neural precursor cells were incorporated into the host white matter. 
Recipient animals killed between I and 7 weeks of age showed abun- 
dant GSTn-positive cells in the major fiber tracts such as the internal 
capsule ( Fig. ID), corpus callosum (Fig. I D. inset ), anterior and pos- 
terior commissures, stria medullaris. fornix, fimbria, as well as tibcr 
tracts in pons and brain stem (Fig. 4G-H). In addition, several recip- 
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Figure 1. Incorporation of human neural precursor cells into the developing 
rat brain, visualized by human-specific DNA in situ hybridization (dark 
nuclear labeling). (A^) Freshly dissociated cells and (D. E) cells derived frorn 
7-week-oid EGF-generated spheres. (A) cortex (postnatal day [P] 30; inset: 
hybridized nucleus); (B) striatum (P16); (C) inferior co'"culus (P16); (D) internal 
capsule (P45) and corpus callosum (inset); (E) optic nerve (P45). (B). (C). and 
the inset in (D) arc counterstained with hematoxylin to visuialize host nuclei, 
cc: corpus callosum; so: supraoptic nucleus. Bars = 100 pm (insets: 20 pm). 



ients exhibited prominent accumulations of human cells in the 
optic nerve (Fig. IE). In some animals, the transplanted cells 
replaced large parts of the subventricular zone (SVZ) of the 
lateral ventricles. Two months after transplantation, these cells 
appeared to have migrated from the SVZ into the corpus callo- 
sum and adjacent cortical and striatal regions (Fig. 2). 
Numerous donor-derived cells were also found in white matter 
and cortex of the cerebellum (Fig. 3E). In some instances, the 
transplanted cells accumulated around host blood vessels or 
formed long chain-like structures extending into host gray and 
white matter (data not shown). Thus, human cells, like rodent 
cells*-' can engraft at various levels of the neuraxis following 
transplantation into the ventricle of embryonic hosts. 

In vivo differentiation of human neural precursors. 
During the first 2 postnatal weeks, human donor cells detect- 
ed with the GSTn antibody frequently exhibited uni- or 
bipolar morphologies characteristic of a migratory pheno- 
type with a leading process and a trailing cell body (Fig. 3B). 
Human cells incorporated into the molecular layer ot the 
cerebellum maintained immature phenotypes with radially 
oriented processes for more than 7 weeks (Fig. 3E). At this 
stage, many of the GSTJi-labeled human cells in other brain 
regions had acquired multipolar oligodendroglial morpholo- 
gies ( Fig. 3F) and displayed immunoreactivity to an antibody 
recognizing oligodendrocyte-specitic glycolipids K Fig. 
4A-C). In addition, these cells expressed myelin basic protean ' 
(MBP) in both the ceil body and within processes extending 
to myelin iniernodes, suggesting active myelination'* (Figs. 
4D-F). These data are compatible with studies showing 
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Figure 2. Human neural precursors grown for 6 weeks 
as monolayers in EGF- and FGF-containing media 
incorporated into the subventricular zone of the lateral 
ventricle and migrating into corpus callosum (cc), 
striatum (st), and cortex (co|. Shown is a 50 pm 
vibratome section through a 7-week-old rat brain. Cells 
hybridized with the human a/u probe are labeled with 
red dots, 'lateral ventricle. Bar = 1 mm. 
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Figure 3. Morphological features of human neural precursors transplanted mto the 
embryonic rat brain, visualized with a human-specific antibody to GSTit. (A) Residual 
donor cells attached to the ventricle wall of a 3-day-old recipient animal. (B) Donor 
ceil migrating through the striata! subventricular zone of a neonatal host (C) 
Incorporation of freshly dissociated human donor cells in the septum of a 2-week-old 
host. (D) A human neural sphere grown for 6 weeks in EGF- and FGF-containing 
media incorporated into the thalamus of a T-week-oId hosL (E) GSTit-pos.t.ve ceUs 
with immature radial phenotypes in the cerebellar molecular layer of a P45 animal. (F) 
Donor cells with multipolar oligodendroglial morphologies in the tectum, 8 weeks 
after transplantation of EGF-generated spheres, 'ventricles; cc: corpus callosum; p: 
pial surface. (A, B. E, and F) immunoperoxidase; (C-D) immunofluorescence. Bars = za 
pm (A, B, E, and F)» 1 mm (C). 200 pm (D). 
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sironcGSTji expression in rodent oligodendrocytes". The presence 
of human oligodendrocytes was confirmed by immunohistochem- 
icai detection of the mveiin protein :',-V-cydic nucleotide 5 -phos- 
phodiesterase (CNPl in cells hvbridized with thC alu probe (Figs. 
4G and H). Some of the donor cells appeared to form CNP-positive 
sheaths around host axons < Fig. 4H1. Although there are presently 
no antibodies that would distinguish human from rat CNS myelin. 



these patterns of MBP and CNP expression suggest that the trans- 
planted human oligodendrocnes myelinate host axons. 

Human astrocytes incorporated into the rat brain were identi- 
fied bv double labeling of hvbridized cells with an antibody to glial 
fibrillary acidic protein (GFAP; Fig. 5A and B). These cells were 
also immunoreactiye to an antibody to human adrenoleukodystro- 
phy protein (ALDP), a peroxisomal protein strongly expressed in 





Figure 4. Human oligodendrocytes derived from transplanted (A-C, G-H) EGF- and 
(D-F) EGF/FGF2-generated spheres incorporated into the brain of 7-week-old rats. 
iA-C) Donor (arrows) and host (arrowheads) oligodendrocytes in the cortex, double 
labeled with antibodies to GSTn (A and C: green) and 04 (B and C: red). (D-F) 
Human oligodendrocyte incorporated in the host hypothalamus, coexpressing 
GSTn (D and F: green) and MBP (E and F: red). (G-H) Human oligodendrocytes in 
fiber tracts of the ventral brain stem, hybridized with the human atu probe (black) 
and double labeled with an antibody to CNP. which is also staining several myelin 
intemodes (G. brown). Arrow in (H) indicates CNP staining around putative adjacent 
axons. (A-F) immunofluorescence confocal laser microscopy; (G-H) 
immunoperoxidase. Bars=20 pm (A-F), 10 pm (G and H). 



Figure 5. Astrocytic differentiation of the transplanted cells. 

(A) Hybridized human cell exhibiting radial GFAo-positive 
processes in the tectum of a 3-day-old recipient. (B) Human 
astrocyte with a stellate morphology in the tectum of a 7- 
week-old host, double labeled by in situ hybridization and 
an antibody to GFAP. Cells are derived from (A) FGF2- and 

(B) EGF-generated spheres. (C) ALDP expression in a 
human astrocyte in the ventral telencephalon, 18 days after 
transplantation of an FGF2-expanded monolayer culture 
into the ventricle of an E18 rat. Bars =20 pm. 



1. 




Fiouro 6 Human neurons incorporated into the rat brain. (A) An individual neuron, hybridized with the a/a probe (black) and double labeled with 
a human-SrJSbXto^^^^^^ (hNF-M: brown in the cortex of a 30.day-old host gratted with freshly dissociated human precursor 

wTat E17 (^)Tmmunohistochemical detection of U-galactosidase-positive human cells in (B) tectum and (C) f -w'e'^^^^^^ 

Srents. Do^r cells grown for 4 weeks in defined medium containing 10 ng/ml FGF2 were transduced with an adenov.rus carry ng the /acZ 



gene and transplanted into E17 recipients. (D) hNF-M-positive human axons at the transition of corpus ^^Hosum and cortex. 51 days after 
fntraventricular transplantation of 7-week-old EGF-generated neural spheres. Bars= 10 pm (A|. 100 pm (B). 50 pm (C). and 20 pm (D). 
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human astrocytes and microglia ( Fiu. 5C). Astrocytes with steiiate 
morphoiogies were tbund in «iray and white matter ot tbrebrain, 
midbrain, and cerebellum. In neonatal animals, some ot the donor- 
derived astrocytes exhibited conspicuous radially oriented process- 
es (Fie. 5 Al. 

A human-specific antibody to medium-sized neurofilament 
(hNF-M) ' was used to visualize transplanted neurons (Fig. 6). 
Seven to eight weeks after transplantation, numerous immunopos- 
iiive axonal protlies were detected in the host gray and white matter 
(Fig. 6D). Donor-derived axons were particularly abundant in cor- 
tex and within large fiber tracts such as the corpus callosum and 
the anterior commissure. As the human hNF-M antibody labeled 
mostlv axons, it only occasionally allowed the identification ot neu- 
ronal cell bodies (Fig. 6 A). In contrast, both neuronal cell bodies 
and processes could be identified aUer transplantation ot cultured 
cells infected with an adenovirus harboring the lacZ gene, an 
experiment done to explore the feasibility of gene transfer into 
transplanted human cells. Immunohistochemical detection of P- 
gaiactosidase showed neurons with polar morphologies and long 
axons incorporated into the host tissue (Figs. 6B and C). 0-galac- 
tosidase expression was also found in cells with glial morphologies 
in both gray and white matter, although double immunotluores- 
cent analyses will be required to identify the different t>'pes of 
human cells expressing the transgene. 

Discussion 

Human neural precursor cells implanted into the cerebral ventricle 
of embryonic rats incorporate efficiently into the host brain, gener- 
ating widespread CNS chimerism. Donor cells transplanted as sin- 
gle cell suspensions or spheres migrate into a variety of telen- 
cephalic, diencephalic, and mesencephalic regions and differentiate 
into oligodendrocytes, astrocytes, and neurons. As in mouse-rat 
neural chimeras*"', no signs of rejection were observed up until at 
least 2 months after transplantation, indicating immunological tol- 
erance of the transplanted xenogeneic cells by the embryonic rat 
brain. The ability to incorporate into a xenogeneic recipient brain 
is maintained after prolonged proliferation of the donor cells in 
defined, growth factor-containing medium. Moreover, donor cells 
transduced in vitro with an adenoviral vector continue to express 
the transgene after incorporation into the host brain. 

Previous studies have shown that human neural precursors 
transplanted directly into the brain tissue of adult immunosup- 
prcssed rodents form cell clusters with limited spread of the trans- 
planted cells into the adjacent host brain""''. In contrast, intraven- 
tricular transplantation into embryonic hosts permits widespread 
delivery of human cells to many brain regions. The widespread dis- 
tribution of the transplanted human cells is similar to the incorpo- 
ration pattern observed after intrauterine transplantation of 
rodent cells"""*. In both cases, the transplanted cells appear to fol- 
low endogenous migratory routes. For example, human precursors 
leaving the ventricle migrated into the optic nerve, where they 
acquired oligodendroglial morphologies. This observation is remi- 
niscent of the migration of oligodendrocyte precursors from the 
third ventricle into the optic nerve". Donor ceils in the SVZ of the 
lateral ventricle migrated into the corpus callosum and adiacent 
cortical andMriatal regions (Fig. Z), similar to the migration of glial 
cells generated postnatally in the rat subventricular zone '. These 
similarities suggest that donor cell migration is not primarily 
determined by cell-autonomous properties but by guidance cues 
within the host brain. Responsiveness of human donor cells to 
micration cues within a rodent brain implies remarkable conserva- 
tion of these signals across species. 

The SVZ serves as an endogenous source of muliipotential 
neural precursors that give rise to neurons and glia throughout 
life '. The ability to introduce human neural precursors into the rat 
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SVZ offers an interesting perspective for the study of cell replace- 
ment in the nervous system. Future cell replacement strategies may 
no longer depend on cell transplantation but focus on the external 
modulation of endogenous neuro- and gliogenesis by gene transfer 
and growth factor delivery^'''. Incorporation of human cells into a 
rodent SVZ provides a unique opportunity to explore the efficacy 
of these strategies in vivo. 

Our data suggest that many of the human cells leaving the SVZ 
populate the white matter and acquire oligodendroglial pheno- 
types (Fig. 2). Following migration, differentiated human oligo- 
dendrocytes express the myelin proteins MBP and CNF and form 
CNP-positive sheaths around host axons, suggesting myelin forma- 
tion (Fig. 4H). Transplants into myelin-deficient mutants will 
determine the exact amount and distribution of human myelin 
within the host brain-'. Thus, the model described might be used 
and adapted in various ways to study the mechanisms of myelin 
repair in human demyelinating diseases'". As these diseases atfect 
large areas of the CNS, repair of myelin by transplantation would 
require widespread delivery of oligodendrocytes to the host brain. 
So far, oligodendrocyte transplants have been generally performed 
as intraparenchymai grafts, resulting in successful yet spatially 
restricted remyelination in a variety of animal models^". The strat- 
egy presented here can be exploited to optimize widespread 
remyelination in demyelinating diseases. Initially, this approach 
will be particularly relevant to the question of myelin repair in 
human leukodystrophies occurring in the perinatal period". 

Combined with gene transfer into the human donor cells, this 
chimera model will permit the study of molecular mechanisms reg- 
ulating human neural migration and differentiation in a function- 
al brafn. Alternatively, human donor cells can be introduced into 
embryos of transgenic mice overexpressing factors known to pro- 
mote precursor cell migration and differentiation. Such a strategy 
can be used to assay the effect of trophic factors on human neural 
cells in a live nervous system. These studies should be particularly 
useful for the design of cell replacement strategies as well as for 
probing the efficacy of gene transfer protocols in the human CNS. 
The lack of traumatic and reactive alterations in the chimeric 
brains could make this approach a useful tool for the in vivo analy- 
sis of neural cells obtained from patients with neurological dis- 
eases. Incorporation of affected cells into an unperturbed nervous 
svstem may provide new insights into the cellular pathogenesis of 
these diseases and serve as a model to assay the effects of pharma- 
ceutical agents on human neurons and glia in vivo. 

Experimental protocol 

Dissociation of human donor cells. Human tetal brain specimens were 
obtained with consent of the mothers trom ihe Birth Defect Research 
Laboratory. University of Washington. Seattle (supported by NIH/NICHD 
grant HD 00836. IRB number 26-0769-AI. Cerebral fragments cleaned in 
sterile conditions and shipped overnight in hibernation buffer* typicailv 
yielded cell preparations with a viability of SO-95%. Eleven specimens, 
obtained between 53 and 74 days posiconccption. were used for this studv. 
Tissue fragments were washed tlve times in calcium- and magnesium-tree 
Hanks* buffered salt solution (CMF-HBSS) and mechanically triturated to 
single cell suspensions in the presence of 0.P6 trypsin and O.lS'o DNAsc 
(Worihington, Freehold, NI). 

Cell culture. Human neural precursor cells were grown in defined medi- 
um containing DMEM/F12 (Life Technoloeies. Rockville. MD). glucose, glu- 
tamine. sodium bicarbonate. 25 \x%/m\ insulin tintcrgen. New York), 100 
|jg/ml human apo-transferrin (Intergen), 20 n.M progesterone (Sigma St. 
Louis, MO). 100 mM puirescine (Sigma j, .^0 n.M sodium selenite t Sigma k 
penicillin/streptomycin. 10-20 ng/ml FGF2 and^or 20 ng/ml EGF (R&D 
Systems, .Minneapolis, MN). Monolayer cultures were propagated for i-l 
weeks in tissue culture plates coated with fibronectin (Life Technologies: 1 
^g/mU or polyorniihin (Sigma: 1.5 pg/mlL Cells were passaged mcchanicailv 
using a cell scraper. Immediately prior to transplantation, cells were triturat- 
ed in the presence of 0. 1% DNAse. Neural spheres were generated by growing 
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dis<iociaied ceils up to 7 weeks in uncoaied tissue culture plates as described 
Both ivpes o! cultures vicMcd abundant proliferaiinu cells thai expressed 
nestin.'an intermediate filament typically found in neural precursors Upon 
.^rowih factor vvuhdrawal. monoiaver cultures and rlaied Spheres d.fferenii- 
Iicd into neurons, nsirocvtcs. and oligodendroo tes expressing the cell type- 
specific annuens (5-111 tubulin. GFAP. and 0-1. respectively ( A.H unpub- 
lished observations K Growth factor treatment was continued until the day 
before transplantation. Selected monolayer cultures growing in 10 ne/ml 
FGF2 were infected with an adenoviral vector carrving the lacZ gene under 
control of the cvtomccalovirus immcdiaic-cariv promoter. Starling 24 h 
before transplantation. subconHucnt 10 cm plates were incubated in ml 
medium containing \.Sx\0' pfu of concentrated viral supernaiani. 
Immediatelv prior to transplantation, ceils were washed three times in CMF- 
HBSS and harvested bv incubation in 0.05% tr>'psin. Following incubation in 
soybean tr>psin inhibitor (Life Technologies), cells were bricny triturated in 
the presence of 0. 1 % DNAse. 

Intrauterine transplantation. Timed pregnant Sprague-Dawley rats 
(E17-E181 were anesthetized with ketamine-HCl (80 mg/kg) and XN'laiine 
(10 mg/kg). and 0.25-4x10 cells (suspended in 1-5 pi CMF-HBSS) were 
inicctcd into the lelenccphalic vesicle of each embryo as described Spheres 
were sedimcnied at 1 50 G for 3 min. washed several times in CMF-HBSS, and 
implanted usine a eiass capillarv with a 200 pm orifice (20-50 spheres per 
recipient brain k Urcer spheres were mechanicaliv fragmented prior to trans- 
plantation. In contrast to recipient animals graned with mouse cells, 
human-rat neural chimeras showed a high rate oi mortality within the fir.«;t 2 
postnatal davs (30-lO%l. Incorporated cells were found in 31 ot 44 analyzed 
recipiem brains transplanted with acutely dissociated cells ( n = 1 2; eight pos- 
itive*, monoiaver in= 13; 1 1 positive), or sphere cultures (n= 19; 12 positive). 

Immunohistochemistr%'. Zero to seven xvceks atter spontaneous birth, 
recipients were anesthetized and perfused with 4% paraformaldehyde in 
phosphate-buffered saline (neonatal animals were fixed by immersion). 
Serial 50 ^m vibratome sections were characterized with antibodies to GFAP 
(1-100; ICN Biomedicals, Costa Mesa, CA, and 1:500; Stcrnbcrger 
Monoclonals, Baltimore, MD), human glutathione-S-transterasc (1:2()0: 
Biotrin. Dublin), human ALDP (1:400). phosphorvlated medium molecular 
weight human neurofilament (clone H014, 1:50), CNP (1:200; Sigma). 04 
(1-5; Boehrincer Mannheim, Indianapolis. IN). MBP (1:200; Bochringcr). 
and (i.calacl0^idase (1:500; 5Prime3Prime. Boulder. CO). Antigens were 
visualized usinc appropriate lluorophore or peroxidase-comugated sec- 
ondary aniibod'ies. Specimens were examined on Zeiss Axioplan, Axiovert. 
and Laser Scan microscopes. 

In situ hybridization. Donor cells were identiiled using a digoxigenin end- 
labeled oliconudeotide probe to the human niu repeat element . DNA-DNA 
in situ hvbridizaiion was performed as described . Briefly, sections were treat- 
ed with 25 pg/ml pronasc in 2x SSC. 5 mM EDTA for 15 min at 3T»C. dehy- 
drated, and denatured in 70% formamide. 2x SSC for 12 min at 85''C. Atter 
dehydration in cold cihanols, sections were hvbridized overnight at 3/*'C in 
65% formamide, 2x SSC. 250 pg/ml salmon sperm DNA. Washes were 30% 
formamide. 2x SSC (20 min. ST'^C), and 0.5xSSC (15 mm. 37 C). 
H>'bridized probe was detected using an alkaline phosphatase-comugated 
antibody lo digoxigenin ( Boehringer ). 
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ABSTRACT! Remyelination of focal areas of the central 
nervous system (CNS) in animals can be achieved by trans- 
plantation of glial cells, yet the source of these ceils in humans 
to similarly treat myelin disorders is limited at present to fetal 
tissue. Multipotent precursor cells are present in the CNS of 
adult as well as embryonic and neonatal animals and can 
differentiate into lineage-restricted progenitors such as oli- 
godendroglial progenitors (OPs). The OPs present in adults 
have a different phenotype from those seen in earlier life, and 
their potential role in CNS repair remains unknown. To gain 
insights into the potential to manipulate the myelinating 
capacity of these precursor and /or progenitor cells, we gen- 
erated a homogenous culture of OPs from neural precursor 
cells isolated from adult rat subependymal tissues. Phenotypic 
characterization indicated that these OPs resembled neonatal 
rather than adult OPs and produced robust myelin after 
transplantation. The ability to generate such cells from the 
adult brain therefore opens an avenue to explore the potential 
of these cells for repairing myelin disorders in adulthood. 



Remyelination of the central nervous system (CNS) in patients 
where host remyelination fails or where the endogenous 
myelinating cells are genetically impaired may be achieved, at 
least focally, by glial cell transplantation. It has been assumed 
that human fetal brain will be the only viable source of 
myelinating cells for human transplantation, because oligo- 
dendroglial progenitors (OPs) derived from embryonic ani- 
mals have a greater capacity for myelination than mature cells 
after transplantation (1. 2). However, the availbility of human 
fetal tissues remains a practical and ethical concern, and it 
would be preferable if the neonatal or adult human brain could 
be used as a source of myelinating cells. It has been established 
that OPs are present in adult human brain (3). Such ceils have 
also been described in patients with multiple sclerosis (4) and 
in rodents with chronic experimental allergic encephalomyeli- 
tis (5). Despite their presence in chronic multiple sclerosis 
lesions, remyelination may be inadequate (6, 7), and either 
exogenous myelinating cells must be targeted to lesions or host 
cells must be recruited to aid in repair. 

Two types of OP (also designated in vitro as oligodendrocyte 
type-2 astrocyte (02A) progenitor) exist in the CNS; the 
neonatal OP (02Ap*^""^*°*) that appears in the rat postnatally 
and disappears about 6 weeks after birth, and the adult OP 
(02A^^"'») (8. 9). The 02A«^"'S which is identified by the mAb 
04 in situ and in vitro, has a phenotype that distinguishes it 
from its neonatal counterpart. The most thoroughly charac- 
terized 02A^*^"'* cells are those isolated from adult rat optic 
nerves, although similar cells are found in other parts of the 
CNS such as the spinal cord (10). Unlike the 02AP'=""^*^', the 
02A^'*"'^ does not express the intermediate filament vimentin 
or a ganglioside recognized by the mAb A2B5. The 02A^*^"'* 
cells also have a longer cell cycle time (65 ± 18 h) and are less 
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motile (4 ± 1 ^m/h) than 02Ap*^""^'«' (9). These characteris- 
tics suggest that they would only have a limited capacity to 
remyelinate demyelinated areas of the brain. In fact, it is not 
yet known whether these cells produce myelin in vivo, for 
example, after transplantation. 

The OPs are generally thought to be derived from multi- 
potent neural precursor cells or early progenitor cells in the 
CNS. Neural stem cells, which can give rise to both neurons 
and glia, have been found in the CNS of both embryonic and 
mature animals (11, 12). Qonal analyses suggest that the stem 
cells from adult CNS are similar to those of embryonic origin 
(11). At least, these adult stem cells can differentiate into 
neurons, astrocytes, and oligodendrocytes in vitro. It is not yet 
known whether adult stem cells differentiate into 02A 
directly. 

We have been studying the transition from multipotent 
precursor cells to lineage-restricted OPs and have shown that 
it is possible to generate a large , number of self-renewing OPs 
from neural precursor cells derived from embryonic and 
neonatal brain (13, 14). Because multipotent stem cells exist in 
adult CNS, we sought to explore whether the OPs derived from 
adult neural stem or precursor cells have the capacity for 
extensive myelination. If this were proven in the rodents, a 
similar approach could provide cells for transplantation or 
suggest means for the induction of endogenous progenitors to 
enhance host repair in humans. 

MATERIALS AND METHODS 

Cell Culture. The neural precursor cells in suspension 
culture ("neurospheres") were prepared from subependymal 
striata of Wistar rats aged 3 and 16 months according to a 
protocol detailed previously (13, 15). The culture medium was 
DMEM/F-12 (1:1) supplemented with insulin (25 Mg/ml), 
transferrin (100 ^g/mV), progesterone (20 nM), putrescine (60 
ytiM), and sodium selenite (30 nM). The above medium, 
referred to as "neurosphere medium," was supplemented with 
20 ng/ml human recombinant epidermal growth factor (EOF) 
or EOF plus 20 ng/ml of basic fibroblast growth factor (bFGF) 
(Collaborative Biomedical Products, Bedford, MA). In the 
initial week of culture, B27 (GIBCO) was added to the above 
medium. The cultures were incubated in a humidified atmo- 
sphere of 5% C02/95% air with a partial medium change 
every other day. 

The B104 neuroblastoma cells were cultured according to 
Louis et at. (16), and the conditioned medium (B104CM) was 
collected and filtered after 3 days of conditioning the B104 
cells with serum-free "neurosphere medium.'* 

BrdUrd Incorporation Assay. The coverslip cultures were 
incubated in 10 ^M BrdUrd (Sigma) for various periods (see 



Abbreviations: CNS, central nervous system; OP, oligodendroglial 
progenitors; 02A, oligodendrocyte type 2 progenitor; EGF, epidermal 
growth factor; bFGF» basic fibroblast growth factor; MBP, myelin 
basic protein; GFAP, glial fibrillary acidic protein; PLP, proteolipid; 
DIV, days in vitro. 

•To whom reprint requests should be addressed, e-mail: zhangs@svm. 
vetmed.wisc.edu. 
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Results), fixed in acidic ethanol, and immunostained with 
anti-BrdUrd antibody (Amersham Pharmacia) at a dilution of 
1:10, followed by fluorescein-labeled secondary antibody. For 
cell cycle time estimation, the cultures were exposed to BrdUrd 
for a period of 0.5, 1, 3, 5 and up to 16-24 h. The BrdUrd- 
labeled cells and the total cells stained with Hoechst were 
counted under a fluorescent microscope. The percentage of 
the labeled cells was plotted against the time the cells were 
pulsed, and the cell cycle time was estimated according to the 
graphic method of Sasaki et al. (17), 

Assay of Cell Migration* A single sphere was plated onto 
omithine-coated 35-mm dishes in a drop of medium. After the 
sphere attached (10-15 min), 1.5 ml of medium was added 
gently. Only the samples with successfully attached sphere and 
without floating cells were followed at 4, 8, and 24 h postplat- 
ing. The outgrowth of the sphere was examined under the 
phase-contrast microscope, and the images were photo- 
graphed and stored in a computer. The longest distance from 
the edge of a sphere to the cell body in each quarter of the 
outgrowth was measured and the average distance of ceils 
moved out of a single sphere at specific time points was 
calculated (13). At least 8 spheres were followed throughout 
the period of each individual experiment, and the experiment 
was repeated twice. 

Immunocytochemistry. Free-floating spheres or coverslip 
cultures were immunolabeled with f luorescein-tagged second- 
ary antibodies (Jackson ImmunoResearch) according to the 
procedure detailed previously (13). The following primary 
antibodies were used. Monoclonal antibody anti-nestin (IgG) 
was a supernatant of mouse hybridoma rat401 (diluted 1:5), 
provided by Developmental Studies Hybridoma Bank (The 
Johns Hopkins University, Baltimore). A2B5 was a culture 
medium of mouse hybridoma clone 105 (American Type 
Culture Collection, CR1^1520, used at 1:100 dilution). 04 and 
Ol (both were IgM) were provided by M. Schachner. Anti- 
myelin basic protein (MBP, mouse IgG, 1:100) was from 
Boehringer Mannheim. Anti-vimentin (mouse IgG) and anti- 
>9urtubulin (rabbit IgG) were purchased from Sigma (1:100). 
Polyclonal antibodies anti-glial fibrillary acidic protein 
(GFAP, 1:200) was purchased from Dako, and anti-platelet- 
derived growth factor receptor a (PDGFRa, 1:100) was from 
Santa Cruz Biotechnology. 

Transplantation of Oligosphere Cells. The oligospheres 
were triturated into single cells and were then concentrated to 
50,000 cells per microliter. One microliter of cell suspension 
was transplanted into the spinal cord of postnatal day 6-8 
myelin-deficient {md) rats according to the procedure de- 
scribed (13, 18). The injection site was marked with sterile 
charcoal before the incision was sutured. 

Twelve to fourteen days after transplantation, the recipient 
rats were anesthetized with pentobarbital (i.p.) and perfused 
with 4% formaldehyde. The spinal cord was dissected and the 
white streak representing myelin made by the transplanted 
cells was measured. The spinal cords were then trimmed for 
immunostaining with anti-proteolipid protein (PLP, a gift 
from I. R. Griffiths, University of Glasgow) or for resin- 
embedding as described (13, 14). 

RESULTS 

Establishment of OP Cultures from Adult Rats. The OPs 

were generated from neural precursors by using the approach 
described (13, 14). In the present study, cultures of neuro- 
spheres were initiated from subependymal striata of adult 
Wistar rats (aged 3 and 16 months). When cultured in the 
presence of EGF and absence of substrate, scattered phase- 
bright cells were found among debris at 4-7 days in vitro 
(DI V). These few cells grew into spheres in the subsequent 2-3 
weeks. These spheres were triturated into single cells and 
expanded in the presence of EGF alone or EGF plus bFGF. 



Expanded neurosphere cells were immunopositive for nestin 
(Fig. 1 a and 6), an intermediate filament protein mainly 
expressed by stem or precursor cells (19). When plated on 
poIy(omithine)-coated coverslips in the presence of 1% FBS 
but the absence of EGF or bFGF, the neurosphere cells 
migrated out and differentiated into a mixture of mainly 
astroglia (GFAP+) with flattened cell bodies and thick pro- 
cesses and some oligodendroglia (04 + ). Some spheres also 
contained neurons that were /3ni-tubulin+ (data not shown). 
The neurospheres were triturated into single cells and pas- 
saged in neurosphere medium with the presence of EGF and 
bFGF. These observations suggest that neurosphere cells are 
undifferentiated neural precursor cells, similar to those iso- 
lated from embryonic and neonatal striatum (13, 14). 

To generate OPs from neurospheres, we gradually changed 
the EGF-containing medium to B104CM-containing medium 
by replacing one-fourth of the former medium with the latter 
medium every other day. During the transition period (1-2 
weeks), the number and size of spheres did not increase. This 
is similar to the phenomenon observed in the neurosphere 
cultures from neonatal rat (13). By week two, the size and 
number of spheres began to increase. Three to four weeks 
later, the cultures were passaged in medium containing 
B104CM (30%) but no EGF or bFGF by plating 1 X cells 
into a 75-cm^ flask. New spheres with various sizes formed in 




Fig. 1. A neurosphere (from 16-month-old rat) grown in the 
presence of EGF immunostained with nestin indicated that all cells 
were nestin + {a), b shows the phase-contrast image of a. (c) New 
spheres were generated from disaggregated oligosphere cells, (d) 
Disaggregated oligosphere cells displayed bipolar or tripolar morphol- 
ogy in the presence of B104CM, (Bar - 100 fim.) 
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1 week (Fig. Ic). When the spheres were triturated into single 
cells and plated onto omithine-coated coverslips, all cells 
displayed bipolar or tripolar morphology, typical of 02A 
progenitors (Fig. Id). Therefore, the spheres were now re- 
ferred to as "oligospheres," a term that was first used by 
Evercooren and colleagues (24). Similar results were obtained 
when generating oligospheres from neurospheres that were 
derived from both 3-month- and 16-month-old rat brains by 
using the same protocol: 

Antigenic Expression of Oligosphere Cells, The 02Ap«""^*^' 
displays a bipolar morphology and is positive for A2B5, 
whereas the 02A'*^"" is unipolar and 04+ (9). In contrast to 
the 02A^^"" previously derived from the adult optic nerve, all 
oligosphere cells exhibited bi- or tripolar morphology and 
expressed vimentin, A2B5, and PDGFRa (Fig. 2 a-c) when the 
oligospheres were disaggregated and cultured on omithine- 
coated coverslips at a density of 1 x 10^ per coverslip in the 
presence of B104CM. These cells were negative for 04 (Fig. 



2d), Within a week, the cultures were confluent. Similar results 
were obtained when the cells were cultured in the presence of 
both PDGF (10 ng/ml) and bFGF (20 ng/ml) except that they 
did not reach conf luency until about 10 DI V. When the cells 
were cultured in the presence of PDGF alone with addition of 
PDGF every other day for 7 DI V, many cells were still bipolar 
or tripolar (Fig. 2e) and the majority were positive for A2B5 
(90.9 ± 2.4%; n = 5), vimentin, and PDGFRa. A small number 
of cells (5.2 ± 3.0%; n = 5), however, became multiprocess- 
bearing and 04-f . In addition, some cells were round without 
processes. These round cells were positive for A2B5 and 
vimentin but negative for 04, similar to those seen in the 
presence of B104CM. 

Differentiation of Oligosphere Cells. The 02A"**"'^ cells 
differentiate more slowly than their neonatal counterparts (9). 
To assess the potential and speed of differentiation, oligo- 
sphere cells were cultured in the medium consisting of DMEM 
and 0.5% FBS. The cultures were immunostained with 04, Ol, 




Fig. 2. The oligosphere cells cultured on omithine-coated coverslips in the presence of B104CM were positive for vimentin (a), A2B5 (6), and 
PDGFRor (c) but negative for 04 (d). In the presence of PDGF alone for 7 DI V, the oligosphere cells were largely bipolar or tripolar. There were 
also round ceils (arrowheads) and a few multiprocess-bearing cells (arrows) (e). In the presence of 0.5% FBS for 2 DIV, ail cells were 04+ (/) 
and many cells were Ol + (g). At 7 DI V, cells were MBP + (/i). In the presence of 10% FBS, almost all cells were positive for GFAP (/) and A2B5-f 
(/). Incubation of the culture with BrdUrd for 20 h indicated that the majority of ceils were labeled in the nuclei (yellow in k). All cells were A2B5 -i- 
(red in k), (/) A single sphere plated on omithine-coated dish in the presence of B104CM for 24 h shows that bipolar ceils migrated out of the sphere. 
The nuclei of cells in (/-/i) were stained with 4',6-diamidino-2-phenylindole (DAPI). (Bar - 100 /xm.) 
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and anti-MBP antibodies, which recognize progressively later 
developmental stages of oligodendroglial lineage. At 2 DIV, 
virtually all of the cells were 04 + (Fig. If). At the same time, 
57.5 ± 4.4% {n - 6) of the cells were already Ol +, although 
the staining was mainly in the cell bodies and main processes 
(Fig. 2g), At 3 DIV, the majority of cells were 01 + . At 5-7 
DIV, most cells were positive for MBP, displaying membrane- 
like structures (Fig. 2h), In the presence of high concentrations 
of FES (5-10%), the majority of cells were flattened, with 
star-shaped processes, and expressed both GFAP (Fig. 2i) and 
A2B5 (Fig. ij). Similar results were obtained when oligosphere 
cells of passage 4 or 12 from both ages were examined. 

Proliferation Potential. When 1 x 10^ oligosphere cells were 
plated in the presence of 30% B104CM, (8.8 ± 1.2) X 10^ (n = 
3) cells were obtained in 7 DIV. A similar number of cells were 
generated when oligospheres from passage 2-12 were exam- 
ined. The oligospheres could also be expanded in the presence 
of PDGF plus bFGF, although the yield was lower. 

The cell cycle time for oligosphere cells in the presence of 
B104CM was estimated by using the graphic method described 
by Sasaki (17). The phase of DNA synthesis was deduced as 
6.8-8.4 h from the linear regression of BrdUrd incorporation 
over incubation time (based on three independent experi- 
ments). The total cell cycle time was estimated to be about 20 
hours. Incubation of the cells with BrdUrd for 20 h led to 
-^92% of the cells labeled with anti-BrdUrd (Fig. 2k), 

To assess the proliferation potential of oligosphere cells in 
response to growth factors, oligospheres (passage 4 and 10) 
were triturated and cultured for 3 days on coated coverslips in 
the presence of B104CM (30% vol /vol), bFGF (20 ng/mi), 
PDGF (10 ng/ml), and PDGF plus bFGF. The cultures were 
then exposed to BrdUrd for 4 h, and the incorporation of 
BrdUrd into nuclei was assessed. Without the presence of 
B104CM or above growth factors, cells differentiated into 
oligodendrocytes (01+) and did not incorporate BrdUrd. In 
the presence of B104CM or growth factors, cells incorporated 
BrdUrd into their nuclei. The highest percentage of cells 
incorporating BrdUrd were the cells treated with B104CM 
(46%), followed by bFGF plus PDGF, bFGF, and PDGF 
(Table 1). This pattern of growth response of oligosphere cells 
is similar to that of 02Ap*=""**®' cells in response to growth 
factors (20, 21). 

To examine whether a single cell can renew itself and 
regenerate an oligosphere, a single sphere cell was plated in 
each well of a 96-well plate containing 200 /^l of B104CM 
(30%)-containing neurosphere medium (13). After 7 days, the 
plates were reexamined, and the wells containing sphere(s) 
were marked. The percentage of the cells able to generate new 
sphere(s) was «»29% (32/111). The clonally expanded cells 
retained the same potential to differentiate into oligodendro- 
glia or type-2 astroglia in vitro (see above). Similar results were 
obtained when a single cell was plated into omithine-coated 
96-well plate except that the generated cells did not form a 
sphere (data not shown). 

Migration of Oligosphere Cells. After the oligosphere at- 
tached, individual cells migrated out of the sphere within 1 h. 
At 4 h post-plating, cells were found surrounding the whole 
sphere. The migration velocity was calculated based on the 
average distance of cells moving away from the sphere at 4, 8, 
12, and 24 hours post-plating. Migration velocity was 25 ±5.4 
^m/h (n = 10) in the presence of B104CM and 13.5 ± 1.7 



Table 1. BrdUrd incorporation by oligosphere cells 





PDGF 


bFGF 


PDGF/bFGF 


B104CM 


BrdUrd+, % 


29.5 ± 2.84 


34.2 ± 2.27 


36.9 ± 3.25 


46 ± 4.13 



BrdUrd + cells and total cells were counted in four optic fields of 
each coverslip. Each group consisted of at least four coverslips. Total 
cell counts in each group were 3,300-3,965. The data were from the 
experiment with passage 4 cells derived from a 3-month-old rat. 
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/MUi/h (n = 8) in the presence of PDGF (10 ng/ml) for 
oligospheres (passage 8) derived from the 3-month-old rat. 
Cells migrating out of the sphere were bipolar (Fig. 2[). Unlike 
the oligosphere cells derived from neonatal rat, the pattern of 
migration was not always radially oriented. Similar results were 
obtained when spheres from the 16-month-old rat (passage 6) 
were examined. 

Myelination Potential by Oligosphere Cells* Oligosphere 
cells of passage 8 from a 16-month-old rat and passage 4 and 
12 derived from a 3-month-old rat were transplanted into the 
spinal cords of 24 md rats. Twelve to fourteen days after 
transplantation, a white streak, of average 4 mm (3.0-6.5 mm) 
in length, was present in the dorsal column of the spinal cord 
of the md rat, which is otherwise semitranslucent because of 
the lack of myelin (Fig. 3a). A white streak of 3.9 ± 1.25 mm 
(n = 7) formed by cells of passage 4 and 3.8 ± 1.5 mm (« = 
8) formed by cells of passage 12 that were both derived from 
the 3-month-old rat. When cells (passage 8) from the 16- 
month-old rat were transplanted, a white streak of 4.2 ±1.0 
mm (rt - 9) formed. There was no difference in the degree of 
longitudinal spread of transplanted cells and myelination by 
cells from both ages or cells from passage 4 and 12. A cross 
section of the spinal cord indicated that the white patch 
occupied most of the dorsal funiculus. Immunostaining of the 
spinal cord sections indicated that the myelin sheaths formed 
by the transplanted cells were positive for PLP (Fig. 3 b) as well 
as for MBP (data not shown). The host spinal cord lacks 
PLP-positive myelin because of a mutation in the PLP gene 
(22), although PLP+ oligodendrocytes were detected in 
freshly prepared tissues (Fig. 3b), Toluidine blue-stained semi- 
thin sections ( 1 jjm) confirmed that the majority of axons in the 
dorsal funiculus were myelinated (Fig. 3c). There was no 
obvious difference between the samples with ceils from dif- 
ferent ages in terms of the amount of myelin that are present 
in the transverse section. 

DISCUSSION 

The major finding of this study is that the adult brain can be 
used as a source of OPs with the 02Ap^""^*** phenotype and 
that these cells can be propagated extensively to generate a 
large number of progenies that maintain their myelinating 
potential. If similar approaches were feasible in humans, it 
would be possible to generate large numbers of cells by ex vivo 
manipulation with growth factors, before transplantation. 
Similarly, it raises the possibility that such cells might be 
induced to expand by in vivo growth factor application and be 
recruited to target areas of demyelination in the human brain. 

Oligosphere Cells Derived from Adult Brain Resemble 
02A»«^*"»'*> Cells. 02AP*^""^'^' cells can be isolated and ex- 
panded from neonatal rodents by using growth factors or 
conditioned media when the cells are in peak proliferation 
(23-25). We have explored alternative means of deriving such 
cells from multipotential neural precursor cells isolated from 
neonatal (13) or embryonic rat brains (S.-C.Z., unpublished 
data) by analogy to the hematopoietic cell lineage develop- 
ment (26). Because multipotential precursor cells exist in the 
CNS of adult (11, 15) as well as in embryonic stage (12), it is 
possible that OPs may be generated from adult CNS precursor 
cells as well. Therefore, the establishment of a homogeneous 
population of OPs from adult neural precursors was not 
unexpected. However, that all of the cells were positive for 
vimentin and A2B5 but negative for 04 contrasts with the 
antigenic phenotype of the 02A^**"'* as isolated directly from 
adult rat optic nerves (9). More importantly, the oligosphere 
cells proliferate much more vigorously and differentiate and 
migrate faster than the 02A^*^"'* progenitors detailed in a 
series of studies performed by Noble and colleagues (9, 
28-30). Therefore, the OPs from adult neural precursor cells 
resemble neonatal rather than adult 02As isolated directly 
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Fig. 3, Transplantation of oligosphcrc cells from a 16-month-old rat into md rats. Twelve to fourteen days later, a white streak of myelin was 
seen along the dorsal surface of the cord (a). The black dots are sterile charcoal marking the injeaion site. The space bar on top represents 1 mm. 
(b) Immunostaining of the transplanted cord showed PLP+ myelin in the dorsal funiculus with some myelin also appeared in the gray matter. Other 
areas of the spinal cord showed no PLP+ myelin except the PLP+ cell bodies, (c) Semithin seaions stained with toluidine blue demonstrated that 
the dorsal funiculus was occupied by a large number of myelin sheaths. Inset is the enlargement of the boxed area in c. (Bar = 100 /xm.) 



from rat optic nerves. This conclusion is further supported by 
the antigenic expression and proliferation potential of oligo- 
sphere cells when they were cultured in th& presence of PDGF 
instead of B104CM, a culture condition similar to that under 
which 02A«**"" cells were characterized (9, 27). It should be 
noted that the population expansion does not parallel the cell 
cycle time of oligosphere cells. This is mainly due to cell death 
after mechanical disaggregation and death within spheres. The 
slower migration in the presence of PDGF alone is potentially 
accounted for by the techniques used and the growth factors 
present. Small et ai (27) measured the distance a cell moved 
(in all directions) directly by time-lapse cinematography. We 
could only measured the linear distance away from the sphere. 
In the presence of B104CM, the adult oligosphere cells mi- 
grated in a similar velocity as neonatal oligosphere cells (13). 
This result suggests that adult oligosphere cells are similarly 
motile to neonatal oligosphere cells and that factors other than 
PDGF also contribute to the migration of OPs. This is further 
supported by the similar extent of myelination by transplanted 
adult oligosphere cells as by neonatal oligosphere cells (13) or 
by the CG4 oligodendroglial progenitor cell line (18). 

Oligosphere Cells Are Derived from Neural Precursor Cells. 
The 02A^**"" are derived from their neonatal counterparts (29, 
31) and may regain the neonatal phenotype temporarily under 
certain circumstances, such as in the presence of both bFGF 
and PDGF (30, 32). Is the generation of neonatal-type OPs in 
the present study attributable to B104CM converting the adult 
OPs into neonatal progenitors? Our finding does not support 
this possibility, because the source cells (neurospheres) are 
nestin+ and the replacement of B104CM with PDGF in 
oligosphere cell cultures does not lead to the expression of the 
Q2;\aduit phenotype. We have attempted to generate oligo- 
spheres directly from (mechanically and enzymetically) disso- 
ciated adult (5-month-old) rat brain and optic nerves by using 
B104CM. The resultant culture contained floating cells that 
survived for up to 2 weeks in suspension but did not proliferate 
(data not shown). A recent observation also indicated that 
B104CM did not enhance the proliferation of purified 02A 
progenitors (31) or convert the 02A^**"^* to 02Ap«""^*^' (B. A. 



Barres, personal communication). B104CM is a potent mixture 
in selecting and propagating 02Ap«""^**' in culture (23-25). It 
may be speculated that some 02Ap^""^'^' are selectively ex- 
panded by B104CM in the present study. The presence of 
02Ap*=""«*^ in the adult CNS was reported based on their 
bipolar morphology and A2B5 positivity in a mbced culture 
(33). However, when the mixed glial cultures were irradiated, 
no 02AP*=""=*"' developed (34), implying that in that study, 
02AP*^""^*^' cells were being generated de novo from A2B5- 
negative preprogenitor cells that were also present in the 
cultures. In a purified culture system, the 02A cells from adult 
(2-month-old) rat optic nerve displayed bipolar morphology 
and were immunoreactive to A2B5 (31), similar to those 
reported by Ffrench-Constant and Raff (33). Yet they had a 
very slow turnover rate (cell cycle time around 3 days), 
characteristic of 02A*^*'"'^ cells. In our preparation of neuro- 
sphere cultures, these rare 02Ap*""^*^* (if they are present) 
would be unlikely to survive in the condition without substrate 
and survival factors such as PDGF for a long time ( >4 weeks). 
Our previous study (13) indicated that EGF is not a survival 
factor for OPs in suspension cultures. Our failure to generate 
oligospheres directly from dissociated adult brain and optic 
nerves suggests that either there are no 02A'^"""**' present or 
such cells do not survive the procedure and culture condition. 
Therefore, the cells used for generating OPs are unlikely to 
contain cells that are already in the oligodendroglial lineage. 
Thus, the present study extends our previous argument that 
factors in B104CM may induce neural precursor cells to 
commit to oligodendroglial lineage while at the same time 
maintain the OPs in a state of self-renewal (13). 

Multipotent Neural Precursor Cells as a Source for Remy- 
elination. The generation and extensive propagation of the 
neonatal type of OPs from the adult rat brain has an important 
impact on the design of strategies for promoting remyelination 
in vivo. In the first instance, as we show here, it may be possible 
to similarly derive progenitor cells of the neonatal phenotype 
from the adult human brain for transplantation. Extensive 
animal studies suggest that transplantation of myelinating 
cells, especially their progenitor cells, may be an effective 
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approach (1, 2, 36, 37). In clinical human trials, however, cell 
availability becomes a problem if the cells are to be obtained 
from a source other than the patient. At present, human fetal 
tissues are the only source of immature neural cells. However, 
there are long-term practical and ethical concerns on the 
availability of such tissue, including stringent safety concerns. 
Here we show that it is possible to generate a large number of 
OPs from a small source of tissue in the rodent brain. A similar 
approach may be possible by biopsy from the human brain with 
ex vivo conversion of neural precursors to OPs with subsequent 
expansion. Such transplantation would therefore be autolo- 
gous and obviate the need for immunosuppression. 

The alternative approach is to recruit endogenous OPs to 
instigate repair. Cells that are responsible for remyelination in 
adults are mainly dividing "progenitor cells" (38, 39). The 
04+ multiprocess-bearing cells that are regarded as the 
Q2y^aduu yiy^ hj^yg jjg^jj found in the CNS of normal and 
(myelin) diseased animals and humans (4, 5, 40). The apparent 
lack or limit of remyelination in terms of the universal exis- 
tence of 04+ 02A^**"** suggests that either the environment or 
the cells' intrinsic properties (or both) is responsible. In the 
presence of (lysolecithin-indueced) demyelination, retrovirus- 
labeled proliferating progenitors failed to migrate even a short 
distance (<500 jjm) over a period of 4 weeks to perform 
remyelination (38). Such a poor migration behavior may be 
intrinsic to the multiprocess-bearing 02A^**"*^ rather than due 
to the nonpermissive environment, because transplanted neo- 
natal OPs migrate a long distance and myelinate axons in 
dysmyelinated adult CNS (1, 36). Neuronal progenitors can 
also migrate a long distance from subependymal area to 
olfactory bulb in adult environment (41). In a separate study 
by Keirstead et ai (39). 02A«**"*» (identified by NG2 labeling) 
adjacent to focally demyelinated lesions decreased in number 
with time and were not mitotic, and they suggested therefore 
that the 02A*'*"'* are inherently incapable of regeneration (39). 
Therefore, strategies designed to simply increase the number 
of 02A«<*"»S such as by delivering PDGF into the CNS (35), 
may not be effective. An alternative avenue to this strategy, 
therefore, is to promote the in vivo regeneration of the 
02AP^""^*** from host neural precursors or stem cells, in a 
similar fashion as suggested by the present study. Such cells are 
present in subependymal areas of the adult CNS and can 
differentiate into neurons and glia (11), therefore close to 
commonly affected areas in multiple sclerosis (6). The motility 
of 02AP*=""*'** might also indicate their ability to migrate to 
other parenchymal sites. The key to the application of these 
strategies in humans will be the identification of growth factors 
that have the biological effects both in vitro and in vivo on these 
precursor cells. 

This work is supported by National Institutes of Health Grant 
NS33710. 
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ABSTRACT Many diseases of the central nervous system 
(CNS), particulariy those of geneUc, metabolic, '-J"*";"!/ 
rflammatory etiologj-. are characterized by "Slobal" neural 
degeneration or dysfunction. TT.en.py might require widespread 
nSral cell replacement, a chaUenge not r^arded convenUonally 
as amenable to neural transplanution. Mouse 'J"^* 
terized by CNS-wide white matter disease prov.de ideal models 
for testing the hypothesis that neural stem cell transplanUUon 
STcompensai^or defective neural cell » -"".P^^'; 
ogies requiring ceU replacement throughout the bram. The 
oligodendrocytes of the dysmyelinated shiverer (shi) riouse are 
"globally" dysfunctional beoiuse they lack myelm basic protem 
(MBP) essential for effective myelination. Therapy, here ore^ 
Uuires widespread replacement with ^^f^^^^'^l^^'^ 
^drocytes. Qonal neural stem cells transplanted at birth- 
using a simple intracerebroventricular ™P"'»°t«^<« 
nique-resulted in widespread engraftment throughout the sh, 
brain with repletion of MBP. Accordingly, of the «nany donor 
cells that differenUated into oligodendroglia-there appeared to 
be a shift in the fate of these multipotent cells toward an 
oligodendroglial fat«^-a subgroup '"y'*'"**^^ "P /° /^tT 
(mean = -40%) of host neuronal processes with better com- 
pacted myelin of a thickness and periodicity more closely ap- 

Sroximating normal. A number of «"P'«"^. ''";•»^'^t^nht^ 
decrement in their symptomatic tremor. Therefore, "global 
neural cell replacement seems feasible for some CNS pathologies 
if cells with stem-like features are used. 



Many diseases of the central nervous system (CNS) are charac- 
terized not by dUcrete, focal neuropathology but, rather, by 
extensive, multifocal, or even "global" neural degeneration or 
dysfunction. Such conditions may require widespread replace- 
ment not only of therapeutic molecules, such as enzymes, but of 
neural cells, as welL "Global" ceUular replacement has been 
regarded as beyond the capabilities of neural transplantaaon, 
which previously has been used in situations in which grafts are 
placed m single, relatively circumscribed, anatomic locations (e.g.. 
the strianim in Parkinsonism). However, we previousty demon- 
strated that neural stem cells (NSCs) can disseminate therapeutic 
oeTe products throughout the CNS (1. 2). We hypothesized that 
rransplantaiion of NSQ also might work in s.niations requmng 
"global" replacement of degenerated or dysfuncuonal neural 

" An NSC is an immature, uncommitted ceU that exists in the 
developing and even adult nervous system and gives nse to the 
S of more specialized cells of the CNS (S-15). It is defined by 
its ability to self-renew, to differentiate mto cells of most (if not 
all) neuronal and glial lineages, and to populate developmg or 
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degenerating CNS regions. The recognition that NSQ, propa- 
gated in culture, could be reimplanted into mammalian bram, 
where they could reintegrate appropriately and stably express 
foreign genes (1-9), provided hope that their use might make 
feasible a variety of novel therapeutic strategies. When exogenous 
NSCs are transplanted into germinal zones, they circumvent the 
blood-brain barrier, migrate to distant CNS regions, and partic- 
ipate in the normal development of multiple regions throughout 
the brain and at multiple stages (from ferns to adult), mtegratmg 
seamlessly within the parenchyma, differentiatmg appropnately 
into diverse neuronal and glial ceU types. Thus, their use as graft 
material can be considered ahnost analogous to hematopoietic 
stem cell-mediated reconstitution of bone marrow. In one of their 
earUest uses as a therapeutic tool, NSCs were implanted at buth. 
using a simple, rapid, intracerebroventricular injection technique. 
They delivered a missing gene product 0-glucuronidase) 
throughout the brain of a mouse in which the gene vras mutated 
in all cells (the MPS VII mutant, a model of the neurodegen- 
erative lysosomal storage disease mucopolysaccharidosis type 
VII) cross-conecting the widespread neuropathology of host 
neurons and gUa by creating virtually chimeric bram regions (1). 
We hypothesized that a sinular method might accomplish glob- 
al" replacement of degenerated or dysfunctional neural ceUs. 

Mutant mice characterized by CNS-wide white matter disease 
because of oUgodendrocyte dysfunction provide ideal modeU lor 
testing this hypothesis. The shiverer {shi) mouse suffers from 
extensive dysmyelination because of an autosomal recessive de- 
fect that renders its oligodendrocytes dysfuncuonal m homozy- 
gous animals: a deletion of five of seven exons comprismg the 
gene encoding myelin basic protein (MBP) makes the cells 
incapable of producing this oligodendrogUal component that is 
essential for effective compaa myelination (16-20). Severe trem- 
ors develop by 2-3 weeks of age. Therapy for this cell- 
autonomous defect would require extensive replacement with 
functional MBP-producing oUgodendrocytes. (In a sense, re- 
placement of both an abnormal neural ceU type and a dysfunc- 
tional gene is entaUed.) It is known that the 5/w ceUular and 
behavioral phenotypes can be rescued by introducing the wild- 
type MBP gene into the germ line (17). However, this approach 
is not applicable to clinical therapies. The shi phenotype has been 
treated in discrete regions by injecting a fragment of primary CNb 
tissue containing normal, manire, MBP-expressmg ohgodendro- 
cvtes (19) in much the same way as other relatively focal, 
demyelinated lesions have been addressed by cells from vanous 
stages within the oligodendrocyte lineage (21 22)- However, this 
does not correct the global abnormality oishi CNS myelm. The 
most differentiated oUgodendrocytes migrate mmunaUy from the 
injection site, whereas cells that migrate more broadly are less 

Abbreviations: CNS. central nervous system; NSC. neural stem cell; 
X eal 5 bronio-4-chioro-3-indoW p-o-galactoside; |3-gal, /3-galacios.- 
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likely to differentiate into mature myelinating cells (23). In 
contrast to resident oligodendrocytes and more differentiated 
precursors, multipoient. migratory NSCs tend not to differentiate 
until instructed by regional cues. This property might circumvent 
these problems. Therefore, NSCs were transplanted at birth into 
the brains of shi mutants, using the same intracerebroventricular 
implantation technique devised for diffuse engraft- 
ment of enzyme-expressing NSCs to treat global metabolic 
lesions (1, 2). 

MATERIALS AND METHODS 
Animals. Shi breeders were obtained initially from The Jack- 
son Laboratory, and a colony was maintained thereafter in our 
facility. With careful husbandry, homozygous shi males and 
females (2-5 months of age) can mate with each other: a shi/shi 
genotype was ensured by using the progeny of such homozygous 
matings. 

TraDsplantation. On the day of birth, shi/shi pups (and unaf- 
fected controls) received bilateral intracerebroventricular injec- 
tions of a suspension of NSCs (clone C17.2) as described (1, 2). 
C17.2 is a stable, prototypical NSC clone originally derived from 
neonatal mouse cerebellum but capable of participating in the 
development of most other regions upon implantation into 
germinal zones throughout the brain (1, 2, 6, 24-26). The NSCs 
differentiate into neurons in regions undergoing neurogenesis or 
into glia, where gliogenesis is ongoing (6, 24, 25). Therefore, they 
emulate endogenous NSCs as well as NSC clones propagated by 
a variety of techniques from other structures (S-15). After 0-2 
mitoses in the first 48 hr posttransplant, they become quiescent 
and intermingle nondisruptively with endogenous progenitors. 
The total cell number per region (host plus donor) is not 
increased. The clone constitutively and stably expresses lacZ 
(encoding j3-galactosidase ()3-gal), detectable by the 5-bromo-4- 
chloro-3-indolyl j3-D-galactoside (X-gal) histochemical reaction). 
Undifferentiated NSCs, maintained in culture and prepared for 
transplantation as detailed elsewhere (1, 2, 24-26), were resus- 
pended in PBS at 4 x 10^ ceils/M-l. The lateral ventricles of 
cryoanesthetized pups were visualized by transillumination of the 
head ( 1 , 2); 2 /u.1 of the cellular suspension was expelled gently via 
a glass micropipette inserted transcutaneously into each ventricle 
(gaining access to the subventricular zone). Pups were returned 
to maternal care until weaning. Six homozygous litters of eight 
offspring each were transplanted. 

Analysis of Engrafted Brains. At various intervals between 
2 and S weeks after transplantation, serial coronal sections of 
recipient brains were processed with X-gal histochemistry 
and/or an anti-)3-gal antibody (Cappei, 1:1,000) to detect 
/flcZ-expressing donor-derived cells as detailed previously (25, 
27). The phenotypes of those cells were assessed by light 
microscopy (LM), immunocyiochemistry, and electron mi- 
croscopy (EM) by using predesignated, standard criteria de- 
tailed elsewhere (24-30). Although donor NSCs give rise to a 
range of neurons and glia in vivo [as in our previous reports (1, 
2, 24-27)], this study was confined to an assessment of 
donor-derived oligodendroglia and their potential replace- 
ment: therefore, for the purposes of this study, all cells, both 
donor and host, were classified as either '^oligodendrocytes" or 
"not oligodendrocytes." Because multiple modes of analysis 
could be performed on the same tissue, multiple parameters 
could be correlated in the same animal. 

Morphologic analysis first was performed at the LM level by 
using bright-field, differential interference contrast (DIC) and/or 
immunofluorescence microscopy. Engrafted cells then were as- 
sessed by using ultrastructural criteria by EM for the direct 
visualization and quantitative morphometries of cell type-specific 
components, including myelin (24-30). X-gal-processed tissue 
was prepared for EM as detailed previously (24-26). The X-gal 
reaction product forms a crystalline blue precipitate that is 
nondiffusible and electron dense, permitting donor-derived lacZ- 
expressing cells to be identified and distinguished unequivocally 



from unlabeled endogenous cells at both LM and EM levels 
(24-30) (see Figs. 40 and 5.4). The precipitate typically is 
localized to the nuclear membrane, forming a nuclear ring within 
donor-derived cells (often overlying the nucleus), endoplasmic 
reticulum (ER). and other cytoplasmic organelles, and it fre- 
quently extends into cellular processes. Despite the presence of 
accepted LM features and inununocytochemistry markers, CNS 
cell types, and, panicularly, functional oligodendrocytes, have 
been most extensively and reliably characterized ultrastructurally. 
Established criteria for cell-type assignment [detailed elsewhere 
(16-30)] were used. We also have validated independently these 
criteria by correlating ultrastructural. histologic, and antigenic 
profiles of individual donor-derived and host cells as detailed 
previously (24-30). Briefly, a cell was scored as an "oligoden- 
drocyte'' if it possessed the following ultrastructural criteria: was 
a small (5- to diameter), round or oval cell with a smooth, 
regular perikaryon and a distinctively dark nucleus and cytoplasm 
(an appearance created by numerous fine granules); possessed a 
large, prominent nucleus (occupying more than one-half of the 
area of the cell) with dense heterochromatin marginated against 
the nuclear membrane and/or clumped centrally; possessed a thin 
rim of cytoplasm that though not voluminous, could appear as : 
mass at the cellular poles when the nucleus lay eccentrically; ant 
possessed a moderate number of short, round mitochondria and 
often long, meandering, distended ER (16-24, 28-30). Associa- 
tion with myelinated fibers, if visible in the same plane of section, 
helped confirm an oligodendroglial phenotype. Cells not meeting 
these criteria were scored as *'nonoligodendrocytes." 

Morphometric analysis of myelin on electron micrographs 
entailed assessment of the degree of compaction, including noting 
the presence of major dense lines (MDLs) (the oligodendroglial 
cytoplasmic membrane appositions that constitute the wraps of 
myelin) and quantifying both periodicity (a measure of interla- 
mellar distance between myelin wraps as represented by th 
distance between intraperiod lines and/or MDLs) and width o 
the total myelin wrap. Measurements in engrafted regions of shi 
cerebrum were compared with those in unengrafted areas of the 
same mouse (internal control) and with those in analogous, 
homotopic regions of the cerebra of age-matched affected and 
unaffected, unengrafted control mice. Cell counts and morpho- 
metries were performed under EM on randomly, systematically 
selected representative fields and EM grids from multiple non- 
contiguous sections spanning the cerebra of experimental and 
control mice. Cell-type assignments were confirmed indepen- 
dently by three observers blinded to the experiment. 

The presence of MBP //j vivo classically has been used • 
grafting studies into shi (31) to distinguish normal donor fro:., 
mutant oligodendrocytes. For immunocytochemistry analysis of 
brain tissue, 20-fjJii-thick, 4% paraformaldehyde-fixed cryosec- 
tions or 10-fim-thick, paraffin-embedded sections were reacted 
with a polyclonal antibody raised in rabbit against MBP (gift of 
D. Colman,..Mt. Sinai; 1:200) by using standard immunoperoxi- 
dase (Vect^isiain, Vector Laboratories) or immunofluorescence 
procedures as detailed previously (2, 24, 25, 27). For analysis of 
cultured cells, a cellular monolayer was processed by using 
standard immunoperoxidase techniques. NSC-derived cells ex- 
pressed MBP in culture after prolonged periods in vitro (>2 
weeks) and/or after supplementation with conditioned medii . 
from primary cultures of dissociated mouse cerebrum, a cone- 
tion that appears to emulate the stably engrafted state. 

Western Blot Analysis. Western blot analysis, using standard 
techniques and the above-referenced anti-MBP antibody, was 
performed on myelin-enriched membrane fractions (32) of 
whole-brain lysaies prepared from semiserial coronal sections of 
transplanted shi/shi mice at 4-5 weeks of age, as well as age- 
matched, untransplanted shi/shi and unaffected controls. 

Beha\ioral Assessment. Functional improvement in represen- 
tative recipient animals was assayed by quantifying the amount ot 
tremor by (/) scoring recorded cage behavior and (ii) measurini: 
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Fig 1 NSa can expiessMBP- Two engraftable NSC clones, known 
10 give rise to oligodendrocytes in vivo after transplantation, are reacted 
with an antibody to MBP in vim using iimnunoperox.dase method- 
oloev M) A subpopulation of NSC clone C17.2 (arrows) differcnuates 
into MBP-expressing cells after exposure to conditioned medium from a 
primary culnire of newborn mouse forebram. (B) Cells from done C27J 
lhat spbnianeously differentiated toward MBP expression. The present 
expctSnenis were performed by using clone C172 because of pnor 
experience with these cells in CNS-wide gene therapy engraftmem 
paradigms. 

the ampUtude of taU tremor, a readily accessible, reUable, and 
reproducible measure of whole-body tremor. 

Cage behavior of both transplanted (n = 10) and unttans- 
Dlanted (n = 3) affected mice as well as unaffected controls {n - 
3) was videotaped and graded independentiy by three mvestiga- 
tors blinded to the experiment. A four-point neim)logic sconng 
scale was used, where a score of "1" corresponded to comp ete y 
abnormal behavior and a score of "4" denoted a completely 
normal neurologic exam. Animals were rated accordmg to their 
(,) exploring/grooming behavior, (<7) voluntary movement, (m) 
taU movement and degree of tremor, and (iv) propnoception, 
coordination, and posture. Unaffected °" £ 

blinded assessment, achieved a mean score of 3.91 f O^J^.j^^ 
was significantly different from the mean score of 2^09 ^008 
received by uniransplanted shi mutant controls (? < 0.00001), 
suggesting the sensitivity and vaUdity of this assay wtth minmial 
interobserver variabUity. Each experimental animal similarly was 
graded blindly. At the completion of the study, upon breaking of 
The animals' identity codes, each score was calculated for a 
statistically significant difference from unafferted and affected/ 
untreated animals. Mean scores of the groups also were com- 
pared. 
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R<.cause tremor is the most prominent feature of the slii 
v,»hr„inral nhcnotype. it was quantified directly by measurmg the 
?eS?« 5 tall^pt^cemem perpendicularly from a straight line 
S in the direction of the animal's forward movement (tail 
r<:ee Fie 6 C and D). Measurements were made by 
Sis S KSnal^s tail in India ink and then permitting the 
mr«ice to move freely in one direction on a sheet of graph paper, 
detail of an unaffected nontremulous animal draws a line with 
vituaUy no perpendicular displacemem from the direcuon of 
m^JtvA (i.e., the long axis of the body); e.g., amplitude = 0 cm 
tail of a "shivering" animal demarcates a broad region of 
movement (tremor) about the line (i.e.. displacement perpendic- 
ular to that axis; e.g., amplitude = 4 cm). 

RESULTS AND DISCUSSION 
The use of NSCs to address the widespread oligbdendroglial 
oathology of the shi CNS was predicated on three observations: 
(i) our previous determination that NSC clones are capable of 
differentiating into morphologically, immunocytochemically, and 
ultrastructurally proven oUgodendrocytes in v«ro and "^vimd after 
transplantation into wild-type mouse brain (2, 6, 24, 25, 27), (u) 
our confirmation at the outset of these experiments that they are 
capable of producing MBP (Fig. 1); and (m ) our pnor^penence 
that the implamation and integration of exogenous NSC clonw 
into germinal zones of fetuses and newborns (1, 2, 26. 27) could 
ensure their dissemination throughout a recipient s brain, with 
normal development of the virtuaUy chimeric regions to which 
they contribute. . 

Therefore, clonal NSCs were transplanted at birth into the 
brains of shi mice (as weU as unaffected controls), using the same 
intracerebroventricular implantation technique devised previ- 
ously for the widespread engraftment of enzyme-expressmg 
NSCs to ueat global metabolic lesions (1, 2). Within 24 hr after 
implantation, consistent with our prior observations (1, 2, 27), 
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Fig 2 NSCs engraft extensively throughout the shi dv-smyehnated 
br^ including witto white tracts. L^cZ-expressing NSCs were trans- 
D^edinto newborn shi mutants and analyzed s>-stemat.cally at intervals 
Keen^rd8weeksafterengraftment.(>I)Semiserialcoro^^^ 
uTuEh the shi brain at adulthood demonstrate widely dissemmated 
Eration of blue X-Eal" donor-derived cells throughout the neuraxis. 
Tb-D) Progressively hieher magnification of donor-denved cell mtegra- 
tion in white tracts (arrows) at 2 weeks of age. 




Fig 3 -MBP expression in mamre transplanted and control brains. 
(A) Western analysis for MBP in whole-brain lysates. The brains of hree 
VprSativrtri^planted^W mutants (lanes 2-4) express MBP at levels 
ctose to that of an age-matched, unaffected mouse ('ane L posuive 
comrol) and significantly greater than the amounts seen ""trans- 
planted (lanes 7 and 8. negative control) or unengrafted (lanes 3 and 6. 
neTaUve control), age-matched shi mutants. (Identica^ total pro^m 
amounts were loaded in each lane.) (B-D) Immunocytochemical analysis 
for MBP (B) The brain of a mature unaffected mouse is immunoreactive 
to an antibody to MBP (revealed with a Texas Red-conjugated secondary 
antibody). (C and D) Age-matched engrafted brains from s^. mice 
similarly show immunoreactivity. Uniransplanted sh, brains lack MBP. 
Therefore. MBP immunoreactivity also classically has been a marker tor 
normal, donor-derived oligodendrocytes (C and D) in transplant para- 
digms (31). 
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NSCs integrated within the subventricular zone throughout the 
leneth of the ventricular system and, by 1-2 weeks posttranspiant, 
had migrated into and engrafted extensively within the shi brain 
parenchyma (Fig. 2). At maturity, iacZ* donor-derived cells were 
integrated seamlessly throughout the shi neuraxis (Fig. 1A\ 
including within white tracts (Fig. 2 B-D). The brains of trans- 
planted shi mutants, as assessed by Western analysis of whole- 
brain lysates (Fig. 14), now expressed readily detectable levels of 
MBP (lanes 2-4) that contrasted markedly with the absence of 
MBP in unengrafted, age-matched shi brains (lanes 5-8) and 
compared favorably with that present in unafferted brains (lane 
1). Immunocytochemistry analysis using an antibody to MBP 



Fig. 4. Engrafted NSCs in recipient shi mutants dif- 
ferentiate into oligodendrocytes. (/4 and B) Donor-derived 
X-gal* cells in representative sections through the corpus 
callosum possess characteristic oligodendroglial features 
(small, round or polygonal cell bodies with multiple fine 
processes oriented in the direction of the neural fiber 
tracts). {€) Qose-up of a representative donor-derived 
anti-0-gal immunoreaaive oligodendrocyte (arrow) ev- 
tending multiple processes toward and begiiming to ■ 
wrap large, adjacent axonal bundles ("a") viewed on ena . . 
a section through the corpus callosum. That cells such as 
those in A-C (and in Fig. 3 C and D) are oligodcndroglia 
is confirmed by the representative electron micrograph in 
D (and in Fig. S4), demonstrating the defining ultrastruc- 
tural features detailed in Materials and Metlwds, A donor- 
derived X-gal-labeled oligodendrocyte ("LO") can be dis- 
tinguished by the electron-dense X-gal precipitate that 
typically is localized to the nuclear membrane (arrow), 
endoplasmic reticulum (arrowhead), and other cytoplas- 
mic organelles. The area indicated by the arrowhead is 
magnified in the Inset to demonstrate the unique crystal- 
line nature of individual precipitate panicles. 

(Fig. 3 B~D) (31) confirmed expression of MBP at the cellular 
level in engrafted shi brains (Fig. 3 C and D) with an immuno- 
rcactivity comparable to that in nonmutant brains (Fig. 35). 
Therefore, transplantation of NSCs into the MBP-deficient shi 
brain resulted in widespread engraftment with repletion of sig- 
nificant amounts of whole-brain MBP. 

This observation lent support to the expectation that, had 
donor NSCs indeed differentiated into mature, normal oligoden- 
drocytes, then they would effectively enwrap host axons and 
dendrites with better<ompacted myelin. The phenotype of trans- 
planted NSCs, therefore, was confirmed by LM and EM. 

Under bright field, such donor-derived. lacZ'^ cells, particularl 
within white tracts, indeed possessed a morphology classic foi 




Fig. 5. NSC-derived "replacement" oligodendro- 
cytes appear functional as demonstrated by ulirastruc- 
tural evidence of myelination olshi axons. In regions oi 
MBP-expressing NSC engraftment, shi neuronal pro- 
cesses become enwrapped by thick, better-compacted 
myelin. (A) At 2 weeks posttranspiant, a representative 
donor-derived, labeled oligodendrocyte ("LO") [rec- 
ognized by extensive X-gal precipitate ("p") in the 
nuclear membrane, cytoplasmic organelles, and pro- 
cesses] is extending processes (a representative one is 
delineated by arrowheads) to host neurites and is 
beginning to ensheathe them with myelin ("m"). {B) If 
engrafted shi regions, such as that in y4, are followed 
over time (e.g., to 4 weeks of age as pictured here), the 
myelin begins lo appear healthier, thicker, and belter 
compacted (examples indicated by arrows) than that in 
age-matched, untranspl anted control mutants. (C) By 
6 weeks posttranspiant. these mature into even thicker 
wraps; ^40% of host axons are ensheathed by myelin 
(a higher-power view of a representative axon is illus- 
trated in C) that is dramatically thicker and better 
compacted than that of myelin [an example of which 
is shown in D (black arrowhead) from an unengrafted 
region of an otherwise successfully engrafted j/i/ brain]. 
In C open arrowheads indicate representative regions 
of myelin that arc magnified in the adjacent respective 
//15m; major dense lines are evident. 
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Table 1. Morphomeiric and behavioral analysis 



Shivcrer 



Parameter 



Normal Unengrafted Engrafted 



0 



37.8 



1.2 ± 1.6 



Neuronal processes with 

myelin and MDLs.* % 96.7 
Periodicity of mvelinj 

nm * ' 4.5 ± 0.2 24.4 ± 5.8 10.5 ± 0.7 
Width of mvelin wrap, 

nm ' 158 ± 5 59.5 - 1.5 135 - 20 
Degree of tremor (as tail 

displacement.^ cm 0 
Behavioral scored 

(scale ^ 1-4) 3.91:^ 0.14 2.09 ^ 0.08 3.72 ± 0.20 

*MDLs. major dense lines, an indication of compacted myelin; the data 
represent the mean percentage of axons and dendrites with MDLs in 
representative specimens examined. 

tSee Materials and Methods for defmition. The shorter the distance, 
the better compacted and. hence, more normal the myelin. 

tSee ** Behavioral Assessment" in Materials and Methods as well as Fig. 6 C 
and D for a description. Zero centimeter of taU displacement suggests 
minimal to no tremor; 4 cm of displacement reflects extensive tremor. 
Of the 10 transplanted shi mice examined. 6 actually showed zero 
displacement. 

^See "Behavioral Assessment" in Materials and Methods as well as Fig. 6 
A and B for a description of the scoring system. Unengrafted 5/1/ mutants 
scored significantly worse than normal mice {F < 0.0001); the scores for 
successfully engrafted shi mice examined in this fashion, however, {n - 
6) were statistically indistinguishable from those of normal mice (P = 
0.20) and significantly belter than unengrafted shi mice (F < 0.0001). 
Unsuccessfully transplanted 5/ii mice (n = 4; mean score = 1.97 ± 0.29) 
were indistinguishable from untransplanted shi [i.e., significantly differ- 
ent from scores in the "normal" column {F < 0.0003). not statistically 
different from scores in the "unengrafted shr colunm). 

oligodendrocytes (Fig. 4 ^-C), typically extending processes 
toward large axonal bundles (Fig. 4C). The crystalline X-gal 
precipitate is electron-dense, ensuring unambiguous designation 
and characterization of donor-derived cells even at the EM level 
(8, 24-30). EM analysis of x-gal+ donor-derived cells confirmed 
that they met the defining ultrastructural criteria of oligodendro- 
cytes (e.g., Figs. 4D and 5A) (detailed in Materials and Methods). 

Therefore, donor NSCs could differentiate into ultrastructur- 
ally confirmed oligodendrocytes in the engrafted shi brain. Of 
interest was the additional observation that, although these 
multipotent donor cells were able to differentiate into multiple 
neural cell types in the engrafted shi brains, a significantly greater 
percentage of engrafted NSCs differentiated toward an oligo- 
dendroglial phenotype in the shi brain (28%) than in normal 
controls (16%; r = 0.015), suggesting that NSCs actually may be 
compensating somewhat specifically for oligodendrocyte dysfunc- 
tion in shi. Of note, a similar shift in the fate of this same clone 
of multipotent NSCs toward a neuronal phenotype was detected 
in developing (26) and adult (25) mouse brain when that neural 
cell type was deficient or defective and required compensation. 
Taken together these observations suggest that NSCs might 
possess a mechanism whereby their differentiation is directed to 
replenish deficient or inadequate ceU types. Such behavior may 
reflect a fundamental developmental strategy with therapeutic 
utility. , . 

The successful repletion of MBP in the shi brain suggested that 
donor-derived oligodendrocytes should be functional and, hence 
form healthier myelin throughout the brain. Indeed, as early as 2 
weeks posttransplant, a subpopulation of donor-denved oligo- 
dendrocytes extended processes that enwrapped host axons and 
dendrites and began laving down myelin around neuronal pro- 
cesses (Fig. 5A ), Over a period of 3-4 weeks, the myelm produced 
bv these olieodendrocvtes appeared healthier, thicker, and better 
compactedlFig. 58), Bv 6 weeks posttransplant, a mean of -40% 
of host neuronal processes (Table I) (up to »n some 

representative specimens examined) were ensheathed by donor- 




FtG. 6. Functional and behavioral assessment of transplanted shi 
mutants and controls. The shi mutation is characterized by the onset of 
tremor and a 'shivering gait'* by the second to third postnatal week. The 
degree of motor dysfunction in animals was gauged in two ways: (i) by 
blindly scoring periods of standardized videotaped cage behavior of 
experimental and control animals and («) by measuring the amplitude of 
tail displacement from the body's rostral-caudal axis (an objective, 
quantifiable index of tremor) (see Materials and Methods), Video freeze- 
frames of representative unengrafted and successfully engrafted shi mice 
are seen in A and B, respectively. The whole-body tremor and ataxic 
movement observed in the unengrafted symptomatic animal (A) causes 
the frame to blur, a contrast to the well focused frame of the asymptom- 
atic transplanted shi mouse (B). The neurologic scoring of such mice is 
detailed in Materials and Methods and Table I: 60% of transplanted 
mutants evinced nearly normal-appearing behavior as in B and attained 
scores that were not significantly different from normal controls. C and 
D depict the manner in which whole-body tremor was mirrored by the 
amplitude of tail displacement (hatched, gray arrow in O, measured 
perpendicularly from a line drawn in the direction of the animal's 
movement (solid, gray arrow, which represents the body's long axis) (see 
Materials and Methods). Measurements were made by permitting a 
mouse, whose tail had been dipped in India ink, to move freely in a 
straight line on a sheet of graph paper as shown. Large degrees of tremor 
cause the tail to make widely divergent ink marks away from the midline, 
representing the body's axis {€). Absence of tremor allows the tail to make 
long, straight, uninterrupted ink lines on the paper congruent with the 
body's axis (O). The distance between points of maximal tail displacement 
from the axis was measured and averaged for transplanted and untrans- 
planted shi mutants and for unaffected controls (hatched, gray arrow). C 
shows data from a poorly engrafted mutant that did not improve with 
respect to tremor whereas D reveals lack of tail displacement in a 
successfully engrafted, now asymptomatic shi mutant. Overall. 64% of 
transplanted j/ix mice examined displayed at least a 50% decrement in the 
decree of tremor or "shiver." Several showed zero displacement (see 
Table 1). 

derived myelin (Fig. 5C) that contrasted dramatically with that 
observed in untransplanted control mutants or even with that in 
unengrafted areas of successfully transplanted shi animals (Fig. 
5D) (an internal control for the efficacy of engraftment) and that 
compared quite favorably with wild- type myelin. Morphometric 
analysis of myelinated neuronal processes in engrafted mutants 
confirmed that the periodicity of myelin was significantly closer 
to and the mean thickness of myelin virtually equaled {P > 0.1) 
that of normal -controls (Table 1). 

The success tif NSC transplantation in shi ultimately is deter- 
nrined by its ability to achieve functional improvement. To this 
end, transplanted mutants as well as unaffected (positive control) 
and untransplanted 5/12 (negative control) mice were analyzed (as 
detailed in Materials and Methods) for functional improvement by 
(0 scored neurologic assessment during free-cage behavior and 
(ii) quantifying the degree of "shiver" as reflected in the ampli- 
tude of tail tremor. Behavioraliy relevant tremors were decreased 
significantly in a significant number of representative recipient 
mutants (Fig. 6 and Table 1): 60% of tested transplanted mutants 
evinced behavior that approximated normal (Fig, 6B\ i.e., at- 
tained neurologic scores that both individually and as a group 
mean were statistically indistinguishable from normal controls 
(P > 0.1) on the behavioral scale detailed in Materials and 
Methods (Table 1); 64% of transplanted animals showed at least 
a 509c decrement in measured tremor, and some engrafted 
animals evinced virtuailv no "shiver" (and, hence, essentially no 
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tail displacemeni) (Fig. 6D). This suggests that the "repiacement 
cells" (in this case, oligodendrocytes) were integrated into host 
CNS in a functionally relevant manner. 

The variabilit\' in behavioral improvement after engraftment 
does not have a simple explanation: there did not appear to be a 
simple correlation between hmctionai improvement and the 
degree of NSC engraftment or MBP expression. Etiology of the 
"shivering'' phenotype, however, is complex and not well under- 
stood. Symptomatic improvement may not be simply a measure 
of the overall amount of successful myelination. Instead, it may be 
more reflective of successful remyelination in specific CNS 
regions. Indeed, one hypothesis holds that there is a shivering 
"center^' affected in shi mice. If this hypothesis holds, vanations 
in experimental animals may represent the degree to which such 
a center was myelinated successfully. It is also important to note 
that we did not focus on addressing spinal cord defects in shi; 
these lesions likely mediate expression of symptoms as well. 
Despite the fact that we obtained significant NSC engraftment, 
MBP expression, oligodendrocyte differentiation, and myelina- 
tion. it is likely that these could be optimized further: given that 
NSCs are so readily manipulated (5-8), future studies could use 
NSCs genetically engineered or pretreated (3, 6) ex vivo to 
enhance these capacities. It is also unclear which role donor- 
derived nonolieodendroelial ceUs might have played in effectmg 
repair of the dvsmyelinated shi brain. Neurons and astrocytes 
have been imphcated in oligodendrocyte migration and differ- 
entiation and may influence myelination. The extent to which 
such other neural cell types, derived from the same clone of NSCs, 
may have had "helper" roles in improvement might constitute an 
additional argument for the use of multipotent cells rather than 
those with a more restricted fate. Indeed, many diseasesr-even 
those classically characterized as purely disorders of white or gray 
maner— acnjally affect a mixed population of cell types and 
would benefit from the concurrent replacement of both neuronal 
and glial elements. 

Conclusions 

Transplanted NSCs can differentiate into MBP-expressing oU- 
godendrocytes throughout the shi brain, in mm promoting im- 
proved widespread remyelination with extensive amelioration of 
neuropathology and symptoms. These results suggest that NSCs 
may be usefuffor a variety of diseases characterized by profuse 
white matter deeeneratioii that might benefit from the replace- 
ment of olioodendroglia. Disordered myelination plays an im- 
ponant role^in many other genetic and acquired neurodegenera- 
tive processes. In a broader sense, with oUgodendroglia servmg as 
a model for neural cells in general and 5/1/ serving as a prototype 
for a broad range of maladies characterized by extensive neural 
cell dvsfunction. these results suggest that therapeutic cell re- 
placement in a widely disseminated, even "global," manner is 
feasible when cells with stem-like qualities are used as graft 
material, a recognition that broadens the paradigmatic scope of 
neural transplantation. Furthermore, an NSC-based approach, 
whether with exogenous NSCs or with appropriately mobilized 
endogenous NSCs, may address therapeutic challenges that pre- 
viously have been inaccessible. Many promising gene therapy 
vehicles and biochemical treatment modalities depend on relay- 
ing "new" genetic information through "old" neural substrates 
that may, in fact, have been lost, become dysfunctional, or failed 
to develop. Reconstitution of aspects of this anatomy may enable 
more significant recovery. Furthermore, although the ability of 
NSCs to engraft diffusely has been exploited for widespread 
distribution of enzymes (1, 2) and, now, cells, it seems apparent 
that a similar strategy can be used for dissemination of a vanety 
of diffusible (e.g., neurotrophins. viral vectors) (33) and nondif- 
fusible (e.g., extracellular matrix) factors for a wide range of 
therapeutic and research demands. Combined therapies may 
forestall damage while restoring lost neural elements. NSCs with 
similar proper^ties recently have been generated from human 



tissue, lavins the sroundwork for potential treatments of here- 
tofore refractory human diseases (27. 34). The persistence of a 
periventricular zone in the human for prolonged periods post- 
natally suggests that implantation strategies similar to those 
described may be feasible. 
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Site-Specific Migration and Neuronal Differentiation of Human 
Neural Progenitor Cells after Transplantation In the Adult Rat Brain 

Ro««mary A. Frlck«r,»-= Me|(»** K. Cptp^ntor,^ Christian W(nklor,'« Corinno Qreco,' Monte A- OfttckA,^*^ and 

^W^n^n^rrj Nwroscienco Contoc DMsfan of NeuroiafofoQy, Lund Unfirerstty, Luna, Sv^3d^n, *OBp^rtment of 

Ncuro/ogy HarvAtcs MMicat Schoor, ahn<:frvn'^ HospftGL Boston, Msssachuseas 02ils, ^CytoThompoutics. Uncofn, 
BhodQ /s/Gna 02365. and ^G&ran Carpamtlon, M&nto Park, CAflfamJ^ 94023 



Naurut pr^gtst^iiof call« obtainacS from tt\e embryonla HurAnn 
f orooroin w^n^ «xpand«d up to 1 0 ^-fola In culiutA In tho prtfd* 
«nc* of opitiormat growirth factor, basic llbrablast grpwth factor, 
ona laukaoiln JnhlDttofy gro>vin lacto^. Wn«n ti^i^sptsntod Into 
ruiuro9dnlc regions In tno aoult rnt brptn. the eubVAntrlcutftf 
zona, and hlppooampuB, th« in vitro pfopagalad call* mtomtod 
ap«ctflcally Aton© tH- routa* f>omnally takon by th« ondoganoua 
rKtufCtrinl pr^icursom: afon^ ma irp^lml migratory atraam to tna 
otfactor/ bulb and wtthln tho subgranutar zono (n th<i dantoto 
Oyn^s. -i^nd axhibttad «K«-4pocl(lc neuronal artrarentiatlon lnth« 
grar^uiQf and parlglomartiJor layonp of xho bulb and Wi tna dan- 
laCo granular call laycf'. Tha oblli exhibllod cub6tantJar nr|lgration 
aUo wrthin %x\o non-noarogonic rogion. tha atiidtom, in a aoorrr 



Tlic Hmlicd capAcicy tor ^itrucEurnl repAir In the mommaliiLn bruin 
U in p*ri explained by iKe inubilixy of iJic inAture C^*5 W B^O«r*«« 
C4n«t<»f *kmcrt W la fC4poft>c in OaCnUEC Cell tran«pUni«(ion 
offcrii n pot«ibUtiy to circumvont liiU limitation^ Boih rodont und 
prtnmte <»<p<rlmofi« tiiow tUmi ncurobJuifit «ad younc pa«tmJiotlc • 
ncufOAi obdilnod tram dcAncd partj of tho ncuraxiit durtns 
Jcvclopmcnt can curvive. nia(ure« tki\tl i;row extensive funcLionai 
iLAoriul ctmncccioni after txtuiiplftnUlion to b^ain*aufniig<d reclp- 

lentJi. »nd both KtrVCTVrully AflJ funC(iunuily replace to«t naurona 
In the maiuro brain (for rcvtaw, itea €>v*nnci( OAd X^JOrklund, 
IVV4). llccauic Of Ihc HfnilcU migrmory cupacity pf il\c dlfT-crcn- 
tiatcU celU. however.- Ch4P« lyp^* ^f ImpUnU arc unable to Into- 
gr^ic Into Ihc celluttu- fcrchitccturfi of tU*i horl. 

Previous atuJicB hBvo bN^vwh t\%^\ dltfofantletcd precunor 
cells, taken at pre migratory* vtagcp tif noiircnjU dovctopmcat caa 
mak« una of available «ub«tjraiofi or pathways for mif^atloo, mix 
wUh CAdo^vnOU* puoU of prccunoni. and partieipvtc In onsoinA 
ctfiuroscncsis. both durlnQ dovalppm^nt (McConActU l$>fiB; CaO 
And lUttcn. Z.l80va ct al., 1996) and In om«a pf tho malitns 

brain, Ihc l»ntcrlor <ubvor\tf ;cul«r fcOno (SVZa), and Ihc hi>- 



K*^4>*«J 0»ir. 7. \99Hi ravl*^ *^pfll iJ, IVW, t^-v^**4 AprO 17. 1999. 
Vki. «i«*<ty AapportAd tff ih« Welioom* Vru.i. iM s«*«auH M*<a«»A vt^My^ 

JvL Ann* K^nn OtOea, l«A£lr «lv«fTB«n, muI 0«««fMl« Suid^hMMif, tor woltcM 
i«h«K«l •>«itiBOCtt; «od ioo H«nn«n|i {ur u««f ul UiacuMion ftod coauncara ca tbl* 
m*n«>«Tlpt Tfc* llu ftnUbvffy • f tM«rn-i fJn frnni Of. 5<otm1 /V. OolJnwA, mmI 

(K« OARrr<J2 *ou»H«oy » *tn earn t»/. r.iJ Qrcc««MO, 

N«»t*»l«*cy. Dl»:«l««4t ol N<uf<Mel«bea. HmJ^m^ MoUUmX S^t^ooK 35o OnU^r* MwHO* 
C«.t«y*<|i*** ^ 3:«c4«ly r«r N*utvMH«ac<i 01T0-(U7'</»*/l WWO-IAIM-OOAJ 



ingly nondlnacfod manner up to --l-l ,& mm from tno flf&fl cotA, 
and ahOWod dHfanandatton into both neuronal and glJal phano* 
typaa. Only oalla u/lth gllaUllka fonttinoa migratad pvar lonoQf 
diaiancoo wltnln tna matura atriatum. whonoea the colta ox- 
praaalno neuronal phenQtypaa ramfltnod eioao to tho Imptantii- 
lion site. TVie ability pf the human naural pro^anltoro to raspono 
fn Wvo to Quidnnca cuaa and algpfil^ that can dlfftCt tnoir 
dllTanantlatton along muttlplo phonoxypic pathways augga^ts 
that U\40y can pmvlda a pouvartul and virtually unilfnitAd aourca 
of Colto for axparlm«rkta| and clinical trona plantation. 

/Cey words: progunltor cetts: num^o: tmnaptmntatJon: naon^n; 
3uhvantrfcufar zone; dentuta oyrus; strtatum 



pocofDpul dcntoto syrus, whoro oovrOR^ctfU coniiAUCi Into 
udulihood (Lold and iMvarcx-GuyUa. 1993: VIcarlo-Abojon at al.. 
l*>95). similarly, mlxtfd praeu/ftor Cnll populadoni. lAjcctcd in 
urerv Into rho davaloptn£ forebraJnt Intagroto acroaa the vcntrfc* 
ular wall «nd UTtdcr^p altBHtpccUlc solgratiOJi and aeuTOnul dtlTcr- 
Cfitlatlon in widciprcad brnin rogloaa (Brdnle ct cJL. 1995; Camp- 
bell 01 aJ., 3995; FUhcU» 1995). •ucficailng ih"t undllTercatlaicd 
pro^cnUom may be mJi into^^caling pource ofcclU for Intriv^QCobr^l 
iro n a pi ant alio a . 

Recently, neural pro^nUom wUh tlio c&puctty Co giva rUa to all 
majoi* Call lypcf oC ttio manirc CNS ttavc baca Isolated ieoM. ihc 
developing or aduli CWS (V*'otw et aJ.« I99fib; Alvarez Buyllu. 
1997; L.u«kla cl al., 1997; Ray ct al^ 1W7), They bocoaaa more 
rt:mUrtct«d in niitebof dtiHnc do^lopmont and natnain mm « «(niUt. 
rcladvcly quIaKcast population of dividing call* In the *ubvcn- 
Lrictiiax* xefflon* ot tho aduli CN5« Thaao neural proK^Hon can 
bo grown frt Woo in iha praaianco of either cpidormal t^roivth 
fuctor (EOF) or basic fUsrablaat srawtK facipr (bFOF, FOF-2), as 
a ^pulmtlon of contiouourtty divldlns progcnUon capmblci pf 
Oi^erenttatiog into both ncuroni and gUu (Muiphy ct al.. 1990; 
Reynolds and WcUi. 1992a,b. 1996; HJchojcU et al.. 1992; Ray ct 
■i,. 1993; Vc«covl cl ml^ 1993; Son«enbrcnnor at ol., 1994: Palmer 
ct aL, 1995}. CcUj tvoUtod from tha rat bippoeacnpui in the 
proftcnca of bPGF hava been *hown to <3Xprca< recton^vpecUlc 
migration and- neuronal dUTcfcotUUpn after tranipIantaUon lo 
tho adult jAt^inraln (Oa^a ct al., 1995: Suhonnn bc al., 1996). 
Bmbrypnic mOUKC Of rat forcbraln progeoUoni csMpanded In the 

pro«onco of ?LOF. by coatr«tt, develop Into pradomloantly ell^^l 
phcAOtypc* in vivo, an observed afioc tranfpUntMtlon to the adult 
rat aplnul cord (HummiLnS ot al,, 1997) or the d^otopin^ 
fprebraln (WlnJtlcr ct aU. 1998). 



llcfc. wc h"v< cxacoincd ihc qucnttoa of whether progenitor* 

i.CiuteiJ from the cicvclirping hUmdA CNS e«in c^liibil i/i Wvo 
iiuuTOscnlc praocfCict »ficr impUnioUOit into ihc brAm or adult 
recipients. Cell* ebtafncg frciio iha forcbfiiln of d^* to ^wcelc.old 
tjuoion fcluacs were raRintnincd cii conlinUOualy divldiui£ cidlurc* 

<t\ the preiMince of ECF» bFCP, "id icuJccmU Inhibitory f rowih 
factor O-J^O* Cell* cxpM^ded 10^-10 Void in cuiwc (over 9-21 
phM«gcj) »urvivcd w«n a/ccr tr*o<pUn lotion to both neurogenic 
«nd noa-ftoUfORcoic alics: CclU cuAiained wlihtn thcio grnftj 
xhuwcU inii^cmlurv inlcc ration. «nU lilc-apccific different UiUon 
(nlQ bath neurun^ vnd ^Ha,. 

MATERIALS Ar^O M^HOOS 

CtnMfMaan mn^i ia vuro euUur^ of human pros:mAiIoe €cU^ Gnncf Allan at 
I rid hu«n«A prac^niior e<ii Mne* hAa been <lerfcrih£(S pf>:«iAv^y (Ci^^^a- 
i«r •! aU IW). CmbryOnJcb#««tt |J^« w*j obf*Mod £rOm <inc 6.5 week 
and <ioc wccV cmbiVo (pu>(-«f^<«pliOA> under compltaneo with Na- 
iMMtat InMitulci a( Heallb fuldolinoa, S«r«dUh (ovemment yuidellniu. 
and the local etbica coaiinJttee. and appraprtala coiueni £atmM wcTC uaed. 
Tu»uii froiu ilic /£k^et7fa(d directed to MOrDc mdlci^ and irKTHfcrrcd 
«o N2 medium, « defined DMEM/Fj2-bi.iicd medium (Ufc Tcchnola* 
tftQi. Cmiid Ulund. NY) condkinlnx 0.6% plucuu, 15 M^Anl human 
Uuulln, 100 fJL^/ml human uaMttrrln. 20 om pnic«uiarana, «£6 r&M po- 
ifucina. 30 tim galanture ohlarld*. 2 nu glutamic, } cnM VOdivtt bi««s- 
nArtaiit. * mM UX2J-E5,and 3 *itf/od heparin (Sffi^a, jft. l.OuJt. MO). The 
(tiAua waa aiM04fJ«tcd tulac « Aiaiulmtl fikLM homoscnleer. and (he 
d|ia«|4tcd tcn* were gcowQ On v^it^ud plMsUe TIS flaiks In NS 
dluni contalnlni: human SQF (tiBOK, 20 nc/mJ; IJ/a T«£hAOlo^(^). 
hunuin baik FCF (bbPOF. 3U n^/ml: Ufd TachnoUkcl-tf). and hiiman 
UF (tkLiP) (la ni/aa^ Sl+D SyAieeu, UK). i»r it dcnailx of —100.000 
c«lli/ltd. .V 

The c^lU Kr«w ai i/aa-fioaifsB clu^idr« ("nvwruphcrei**). and were 
pr«vcaied Crum aicachmeac by < «nlly IcAockinx (he Ooakj encK day. .A^y 
eclU \hdl adharaJ uv lK« pl44lt« -nd be^an Id <nctcnd pruc«a«ea were not 
renMwad by I hi a prbeodure and lb ere fore were net carried lhroU{(h tO the 
next paMa|:c. The apKerea were p«Miaucd by cucahanlca! dluocUdon 
every 7-10 J aud reaccdcd aincle mK* at m doruiiy of — tOO^OO 
CcllCrtU. The cell* uacd for tran»pUntuituD (the rf.^PAr a^d CCl- 
lurca) h«d been expanded over 1^->31 putaasei, which correapandu to a 
u^al {ncreaAe In eel) nuniO<TV Of —10* at V puia^ci to at leatt lO^ at 21 . 
p«»uiK«A (C^vpamcr ot al*, i9*J*i). 

X^yrfMf ^^*hfHtM und p^^MUm o/rfWt#/«f ftmntjfUntmHon. To enable 
the dtftcciloA %it thv eoJU U v\jt4uro« were labeled wUb 1 fjn^ 

broaioJaavywriJiita (BnJU). which wax. a^lJeil to tha culture mcC't^m 
hi b«r<^rv tU« prcpar^Kun of Ihu ccU^ for crttn^planlatlon. ThU fcaulied In 
*MO*A» Ubellnn ctHciency. wUh nu api^atctii iih«n|i«3# In £r9«>'th Mtc oriha 
«phcrc«. 

Cella were taken far trta4i«ptMi*4aii«n ''—5 «J «(^ar lha Ufl paaaaga am 
ttiinll «ph<re> «U 3-30 celU. The aphcre.^ %*ctc collecicd by caniHf ueoUon 
.1 lOnn rpm for 3 mln arid nuuvpcndcd la I ml DMEM/FU CDvdlvn, To 
cheek the Kctl «UblUiy. an aliquot ot the ■phere tu«p<itf t^o rem^rvd 
»rHl ni|««d M-iih irypan blue. A.nar ihU waA a#<«n«ln<d, « laeand veil 
count wai perionncO ^ <t*c trypan blue aJfquol Co f^va cin^la 

eaiU, Thi tph^fa «uvpcn«ton wai <oniriluc«d a •«caiid timo and re tut - 
landed in a ^cnaJlvr ^umo to ghra IJm equivalent of —100.000 •miU/pA, 

7>«ruptan<wlf«n. A.dtdt famala a:pf6Cu« IJaM«^ r»t« Unlranal. 
Stockbolm, Sweden), wwUhl^M — 2$0 ttn ai ih* be^onlni^ of Iho ctudy. 
w«ia w*«d,Th€y ««'<ra C«f«d In ynaupa of Ivro and maintained on a 12 hf 
li(hl/darV cyv:lo with conttanl temperature and humidity. w(ih iCbUum 
bXKl and wntar. Tho animate were lmtnuno«upprcKCd throus^ioul the 
^pcrtc>t3ni by Oatly IrxfecilOt^t of in tu^ik^ Cfdovporfn, beglnnins 1 d 
bcfur« iranaplantatkin. 

Stereotaxic luritery w*« pcrfonocd under dcon aquilhctin ane«thatU 

mJ/kfi bony wet|;bi. I.p.}- R-^tt received I fil cell •i|«p<h<lOrt bUalcfaJly 
in iiithar iha SVTC», rrvtral tttCfatoiY ttraam (HMS). or hippocampui. or 
3 mJ In lh« •trlatyro. aceorOlnp to Ihe ft>lluwinv coordinHtak: SVXa, 

aniertnr (A) - * 1. 6. latarml (L) •* rslS, ventral fV) 4A RMS. A - 

L. =1.5. V - -5.0: hlppocampoA. A »- -3.6. I* — eXO. V - 
-J.U, -Z6; ^tiia'uta. A — O.S* U -* T^XH, V - — 4,«. —4.2. The tovth hat 
wai Mt a1 *-2.3. and all whiral «OOrd(haf«4 v«<«r« taken from dura. CctU 
were Implanted via a giaai capU(aT)r (Inner diameler —70 attached to 
a 3 m1 Hamilton tyrlnfc. For (ho SVZa (ran«plant«. lOQ.OOO cetU from the 
6.5Plir cell Uoc were tranaplajUed. aad iUa bralna wero unalyved afier 6 



wcelu in — 10). For Ihc RMS tranaplaaU. XUO»000 ce|i« wvre troni* 
planted, and tho brulra were analyzed ac cUber 2 wccka (tiJFBr. n 10*. 
VFDf. n - 4) or 6 «/e«ka (d^POr* " - 10). ISoth cell llncj were tfart-- 
pJuntod to either (he ritfiatut^k (Zao.000 collf) or hlppoeampui (100.000 
celU), and the braina were «naly;icd at cllher 2 or 6 we£kx (h ^ lU per 
grciup}. 

TUsuMpfu^msMing, At either 2 or 6 woeki atter ifM^AJAnUtloa. ^4tii Wc^c 
icnninidly ane^ltiettkod with 5'^ chlarai hydrate and Uan^^ardJaUy per. 
f uaed with 0.1 M FBS ColtoMMd by S miA rapid fUailon with Ice-cold 4^ 
parafOnnaldchydo (hPA) io 0.1 M phOAplialo buffer. Bralna were removed 
and placed In PFA nvcAdiibC, before bolag treaaTerred to 25 aucro«c In 
PDS. CoranaJ or <aftlu«l *c<Uoi\d wore cut uu o fraeiia^ microtome ac a 
ihickuaa^ of 30 iuttkm fn ea^h caao, eighi aerioa wero coUocied for further 
procfia^inc 

/rr^^itnocyiocikemistry. For DrdU labclJnc. «lt aecilona were prctfeHled 
With 1 M HCl for 30 mtn at dS'C Sections wara Incubated Io primary 
aotibodJej for 3d hr ai 4"C All prioiary aotlbodlcJ were diluted in aL02 m 
potasatwm PSS flCPBS) ofuitainioi^ d'>6 pormal iienun a< the ipedetf In 
whleh the accondary antibody rpi#ed and aL2S9& Triton X^XOi>, «M»apr 
for 33 UDa dopamina- and oAKC K-regulatad ptuMphop^OtBin fDARFP* 
32) and y-^ndAa C««at^oicylmtd (aAD^r} in wlkJab TdlOo X«100 waa 
ooduad. AatiikodUa iMcd in thii atudy were fi^U zut tdonoclonal (lUOO, 
C hem Icon. Tewecula. CAX mouaa monoclonal (1:25. Becttm DIcklnaoA, 
Franklin Lakes. NJ.). l^tubuUn-nX (II^qq. Slpma), callitndJn (tiltKKl, 
^Jfima), X>Ai%rr^2 (lOO.OOO: Cr. p. ancn^rd. Roeke^aicr), GAD«r 
(UIOOO, Chemleoa). ^ial nbrlUiuy acidic protein (OFAF. 1'.50a, Dako- 
patti). RNA binding protein (Hu, 1:1000; JDr. Gdidman« Cornall). 
neuroaAi n«ele« (NeuN, lUOO, Chemleon). tynMlae hydraxyiaM (TW« 
1t500. FolFreeze. Rogerj. aR). VlmenUo (VIM. 1^, Dakopatl^), «i>a 
humamapeciiic tau (hTau, 1:100, Cafblochem, JLa Jol|a, CA)« 1**01' all 
immuDohiatoehemlcal procedures, adjaeanc a«e)(qn# Mrvvd ar BCgatlvc 
contfota and were piocciaed uAlog Men^ie^ pfOCcducei, except Xor incu- 
baclon wtchoul the primary aattibody la e^vli ajmc. 

For duorcaccnt douhta-iabellni) Ip^^uaocyiochomiatry. after rJn<aa in 
KFUS concalolng 2% of th« PPOnal #anp, Helionji were Incubated in (hb 
aeeoadary antibodici ()f2dQ).For tM ttnd-BrdU tbil waa donkay antl-fal 
coniu gated lo F|TC or Cy2 (Jadcfon); ftar mptuo antl-BrdU. doiJcoy 
and-mo^A* eor^vQ^ted to FITC or Cy2 (J«ck<on)] for aJl other primary 
antlbodtea ralaed in mouae, tat-ab^orbed blotlnylalcd hone anti-caouae 
(Vector); and far all primary anlibodlei relied in rnbbll, btotlnvlatcd 
ftwfne aatWabbIt (UakopalU), All aeootidariea wore diluted In kl'DS 
GOAbalnlnf 3% noroul aerum, nnd »ccilona wcto reacted for X hr at ri^om 
lotnpormturc in the dark. After ihrtio rl niei (n K^6S. rcctieni were 
reacted with <CPcpta^(dln conjusatad to CyS (Jaekion) for a further 2 h/ 
at room fomporature in the d^rk. 

Ftir (mmunoblaconbemlitry wfth hThu, lacttoAi w^rc p/ctrcalcd with 
K^Q] (n methanol io quascit aadOilehdw< perax[da«e activity. 

Incubadon In tho primary antibody w*^ p«^Comiod io KPBS centalotax 
noma! horve aorum and Trltno X*100 for 3£ hr at 4'C. After 

three rtn»c« In K.Pil£, i4ed6iMi w«rc incubated in the aAcondary antibody: 
rat.ab«orb«d blotlnylatad hor^o antUraouae (Vcdor) In KFBS oo«itMlnln£ 
21^ normal hor«4 lerum for 2 hr at room (eotpenicuro. Further wachlnH 
Ja iCr&S wa4 follcrwcd by (neubaUon with avIdla-biptln-peroiddaM 
Dompl£tf (Vectaataln. Vector), for U br at room temperature. 
DlaAiinobeoKldlne (Slfin^) \n 0.03^ K,0, In w«« w«ad mm (he 

chrouBogoA, 

The aectioiu were mounted on ch(Q<m«-afam*eoated alltSoa. and the 
nuoreaecnl aoetiona wer< co«<r^ippcd uaing polyvinyi aJaohot-1.4« 
dias*bieyctot2,UJactaM* »e«intln« medium. The hTaU alldca wero dc* 
hydretod in aacendinc aJoofaola and coveraiippad u«tnl DFX nuitmlanC. 

Canfv^l rnJcnatcopy, Colocaliaation Ot BfdU With nouranai and (lial 
markar* eenducted by eonfoeal fnlcrotcopy to enable exact dcAnitlon 
orea«K of the anttbodl^. uilna a Blo-Rad MRC1U^4UV confoeat acan« 
nin« ilfht m^roMOpe. X>aublc<Iaboled ceJIa were alwaya verlflcd. both by 
cotioctiag a«>fUl a««tion« o/ p.m throughout iK<* apacioion, and by aye, 
uilnft an Olyaopua blnoctUar ratcroaoope. In aJ] Afjurv*, all dOubl«'lahalad 
call! that are denoted were (denllflod In ihU way. 

RESLtt-TS . 

in vttro cfisriacTterlstlAtt of tn^ ti*anopUnt«d coUa 

Two ditferorvt .human progenitor ocll culciurca obtained poat mof- 
t«m from tho forcbrain o( ono 6.S vrock (6.5FBr) And ono 9 wne)c 
(S^FBr) ectibryo were analyzed. Tho celU wofd cultured ir\ Hio 
prcKcnce of EGF, bFGF and UF and paaaaeed ir/ery 7-10 d. In 



FrttK*' M hi. - -n-An«pi«nt«tion ot Hurnun ^o«rtier C»n» 



Iticxc cultur<« bFGF wm nc>cc«5hjy to maintftiei contlnUOuil Cell 

prolifcroiiort over *«tcndcd iimc pcxiQ^*. Rn«J «iffc(rx wma 
Further cahancco by ihc ad^Htlon U l'- FiiTidiol //i vu/t> cxpcr- 
ImcOLf (Cmrpentcr ci nl., 1999) indicate thnl U 1- prAmblc* tlio 
<u»tuincd prolifcc^tion U»c hurtiun proi^*:nilor3 la Uic ncuro. 
iphcrc cultures. Moreover, hi asTcQmcni wUh prftvrous findms* 
(S-ioK uiKl YodhidH. 1997). the propo/xion of c«IU thut dilTcrcn- 
iUt«d Ifvto neuron. «pp««rcd *o be IntsrcBdcd irt lHo pf6«enoe 

The Writ! ch«^»ctcrUd«i of the tf^HIr nnd 9FJ?r pr^t&^P^t^r 
c«U eulruTe* have b««n pT«*cnicd In dct*il cUewhcrc (Cftrpcnlcr 
ct «J., 191W>. BrieAr. bo^*^ culhifci iKowtid M tfC^th ll^t w«k 
«ifnil»T i<» fsudJi Alhef *nd to other humaa proscnitor ccU culturcji 
dcfiv^^U ironi UtflfcTwic tcsmUonid Ccii* wiUun imdlflTcfcA- 

ilnted vpUeroiL w«fe (mmimoponiiivc for ihe Icnrphnitire cell mttrfccr 
no-iin uatd were *hown to iACOfpo^-t# »fdU, inUwuUv* of mJI 
divUUsfi. To Atf^e^i ihe diaejcnlUlioo capKctiy of ihciC Mils, 
dtii^-iutud siohU cells w<r« pUicd onm poly^mlihJrtc-eoaced 
u1hs& coverdKp* nnd cultured for 1?-J4 d in N2 medium contttinin|f 
F«S. Oil diffenanUdiioft. both c«ftU Culture* d^moiwtriit^^d ih* 
eapaeUy lo font* ncttrQl»s^ aitrooytuj, «nd oUgodondrocyic*. Im- 
fnuuuhlxtodiciniatry iwing »n mndbody CO GFA^- rcvcalod a xuiifiO 
of 13-55^ aiirocytiu pr^icnt ia both the 6^FDr «nd 9F»r cul- 
rure« between pM««t.{tc 5 (P5) Aftd P3S. Ah AnCtliody ro ^-rubulln 
Uo\vp« III WM4 u«ed lo dotect neurocu. A.1 iU« d^lPBf cuJlureJ 
£en«r«t«d more p-tuhullrt-Jn-po*Kivc «lli thun the 9FBr ccIU 
(37 v» iO%. re«pc«ivcty). At y^OpT^O (A50-^00 0 in vitrQ). the 
perccnt*[ce of ncuroni h»d decreo/cd lo ^159& in both cultures. 

^urvivBl and <iiff«T*nt*otloo m^tX^r tr Ar\Mp|ArttAtion to th« 
adult rat brein 

<Zm\W from ilic 6.5FDf fcnd 9FBr cuK^reai ^^^cre ir*n-plt.n»«id. under 
imfnv"o*uppr"^*on. Into two x>Gufrigcntc sites: the dentiile tsyru* 
orihfi htppocMinpu* and ihcSVin nnd in «Moci«lcd AMS, »J WwO 
fti to tt noa-I\euCOg^OlC »Uu» the .trJatum. TrimapI«Jii*tJon w.« , 
pcTformcd uAing cctt* i\x*i h«d been pniuikgcd 9-21 time». The 
cciu were labeled with B^dU durlnjC th^ Jast 46 Kr bcforc tr*"*- 
pUtitftdon. Thia rcjulied tn — flQ% JubcJii^K cflicicncy w\d cnoblcd 
snuK^ii- of grftftf by fluorencanr ImmunaliiiiH^clicmiilry uvtnt; 
a dnublc'lobeliiig tecJmlque for BrdU in comb(n»HlQn wiUi -po. 
Ctilc ncvronfti und ^tUl in.fker:!. In Addition. hTou UMd lo 

ia«aiify the craftud qalU. 

In mU «i(\im^C BrOO-pQ»itlvc irunsplumed cclU w^rc (dcnilflcd 
ill «U arafi •*ie<, at both 2 And 6 week. »ftcr txanaplont«t{Od. 
SimUnrly. •taining with ihc humnh-*pcclfio laa antibody rcvo* led 
cctlulur and aXOIIal proilloa "t all irannplanl ailca, InflloalinK xraXt 
ftUTVlyal In all «Mei.BKtcn>ivo mieratton of UrdU-tabal^d celU, aa 
dQ'cribod b«low. w^re #cen In all animal* where the ^rofl depO'll* 
had been corrccUy placed Jn th<s RMS. SVZ*. or hippocAmpujh 
TCipcctlvcty. No evidence of rumof forcaotten obiorvcd. 

Tha trun»iplattl. ffom both cell culiurcJ (d-SFBr and eFBr). 
f<gt*rOlw of ttic number of pa*M£icji, wOrc indUtixiKUiahabto Lo 
icrtus of gtafi ■urvival, iiutir«tioaal pattom*. and phenoxjrpic 
dUTcrcniiutiOrt Of iho traoipUmod ccUji- Control transplant/ of 
CtflU Ihwt hud been killed by £rcc*c»ihawing bcfgra trmnaptunCa- 
lion ih^Tv^ed no Uan»f«r oi xhu BrdU murker to ilio host oUli. 
which i« in ugrocmeot with pr>»viQuii ropOrtu (Cac° *l- 1995; 
Suhoitoit Ct al. 1996). 

Tho aubvontrlculof acOAA ttnd rostral migratory Stream 

:ilnKl« dopOpUl' of 100,000 cdl^ were deposited (n or doKc ro (ho 
S V51 «. jo«t ventral to iho corpus callosum, or just above the RMS 



midway between the SVZa ttfid the olfactory bulb. I a tho SVZa 
a cprc Qf CrdU-pQvitivQ CoJU woA tQcutod close to the ventricular 
cpcndyma. extending in «omc caacs into the whilo matter of tbc 
OVoi'lylng eOrpUx ealJOauia (Fi^. 1^) (6 W^clCi itufvfvul). Cti]\i 
were «een (o leave the tr«Ln4iplaniaUon tdta in m atroam of rontral 
mig^ution Qrig. 15) after lUv RMS, I.e., wlong ttto path of «ndoii' 
cnouy progoxiilora toward tlic olfactory bulb. Oacc thoy inched 
the buJb, BrdU*petucive cells Ictc the mifrratory tftroait^, bccoiYVini* 
diaperaad thrau|:haut tho subcpendyniMt, granular iCi^). 

and elocntiTuIdx c«11 JAy«rv. Th4 cclU wioiln the olfitnoty bulb 
were more weakly BrdU-lnbclcd than tlic colli In the SVZ.a 
(which were unlfOtVidy hi^y lAbcl6d>.4b£;^6AtlAe thut tho Ubelcd 
cells had UBdergonc further cell dlvlitea on theU* route to the 
bulb, pimjlwr to Uiq cndos«nQui( progenitors from lha SVS^u 
(Mencrcft cc a!.. 1995). 

In thd RMS traiuplAAra tho dopo«JtA of BrdU-labelod oelln were 
localised juat nbovo, nnd ooeAaiomdly within, die Xwt& itaulf (aa^ 

Fig, 4^), Ax ^ wecVw 4*ft«r f r^nfplantatlo" tb« Wli* rifmnlnad 
clustered at the graft site, and there wan very little migrution Crom 
the gr&A core. Thua OAly coUa were observed oMtrai iiAd 
caudal to die graA plaeooent at thla time point. SI a wceka after 
gruTtlng, ^ell^ were «aaa tO Uava tnigratad xoftx^Uy Cpward thC 

olfactory bulb C«cc Fig. 4£) and Into ihc grimulax and pcriglo* 
meniJar Uycri (aoo Fjh- ACm-Fy 

Yhe Jixunalurs call marker VIM waa uaed to dcllnaatc the 
SVZ& ijad KMS along which BrdU-potltlve cclU were accn in 
their rolgratory #trontn (Fig. 2A% UrdU'PoMtive cclU were noi 
VIM poaitlvc. The vaat majority of the BrdU-lobeled nudol did 
OOC diverge £rOin the ft.M£; bOWcVer, to the iicglOa adjacent lo the 

trana plant core, occvlonhl cclia could be aecn mlgrdting doratJly 
toward Ihe overlying eoriex (data not ah own). Some of Use cells 

aiiisrat&ng witktn tho RMS were doubla«l»bolod with the cady 
ncurrjnal markcrv Hu (Fig. 2iJ) nnd ^-lubuUn-Ul {•cc Fig. AB}. 
Both of thoao markerti. whieh identify both oarJy dUTcrantlaicd 
neuronal prceuraora and mature ncuroni, are known to h* ex* 
prcaaod by lKb endo^nov^ progenitors f^om the SVZu ua tliey 
migralo along the RMS (Drraml el al., 1995; Mencr.os ot aU 
1995). The prodoocc of thcdc nvarkora tbui indlCatcB their eady 
commkmont ro a neuronal phenocype. None of the OrdtJ-po«U1ve 
ccdla within the SVZa or RMS atalncd poaUively £or il\a hlcuM 
murkor. WUhln tho olfactory bulb, tho tnajoricy oC Brdt.J-l»»beJed 
cel1»4 both In the deeper layers and In the pcrigtomcruUr layer, 
were Hu podtlvc (Figs. 2C, 4C), and approxlmaloly half of the 
BrdlJ->poslttv« colU were ajfo dovblo-lobcled with the more mo- 
turc neuronal marker t>lcuN (Fljj. 1^,^, indicating a p^pgrcMlvc 
maltlTation of the cdta toward a neuronal phcootypc oa they 
entered the bulb. Many Of the OrdU-labcled cells, witidn both Ibe 
granule cell tayor and periglocaenilar layori aUo cxprewied the 
O ABA-<y thealring cttxy me GAJD^^ (*eo Fig. 4V,E). TH, wlilds it 
a charaeterifllle Coatuto of the dopaminergic xMirlglomcrutar nou^ 
ronA. waa dearly expressed In aomc of the BrdXJ*tabeled colls 
wliUIn the perlglonierutar layer (?%. d-T, arramikeadj i^d Vrwr). 
None of tho BrdU-labeted colls staJned positively for tito Rllal 
ewker CFAP, neither whhin the at trocy enrich RMS (hcc Fig. 
9yl) nor within the olfactory bidb (»ec Fig. 9^). In addition, no 
colls were double-labeled with BrdU and the receptor phoaplio- 
protein DXRtM2, which is present in iJie medium aplny nou- 
ronj of tho atrlatom but not normajly oxpresaod in neuron* of the 
olfactory bulb. Table 1 gives a jt^miquantllattve rutnmary of 
neuronal and glial dliirorentiatton of the traniplontcd celU wlihln 

iho RM$ Mfi^ fho al(ac;^Qry bulb. 

Using a humoa-apcciflc antibody to the cytoskclctul protein 
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cttu, po«Uts^ atAlning wm ohicrvcd nl the Injection piCc In both 
ccllulur »nii •kOrtAl pfOfilOi (FJg. TypICAlly, C4lU lh«l rc- 

tnnlna^ rvi tho Erafi cotw or inicriLtccJ only a *hor£ diatuice from 
ihc impUaCklion alle hnj dovolopad ftXOflJ thai prOjoCtvd laCcTAliy 
laio either che corp"" cnUonum ot drlntum ndj^cant to tho iroiti- 
pinnt (I'tg. Tku-tMxlUvfl c«llc vrcr* dlKtributod ■Jong (ha 

RMS. Ecvofnl mUUmctor* Ifom tha ftfiifl tile (Fip. 3C,I>), Tho^a 



Figurt J, Co^ pOM C f UJti«Uttf(6n of a 
(r«a«pl4At (A IAq 5 VZa in m. mapUmi aoo 
clan* *A*lyte«<l mi 6 w«okk aAcf tnin** 
fiUftC^U^A* *hOwp nn oworvlcw of the ln« 
jostlon •Uo oC DrdU«l«bal«fl caIU 
(^rov/f) and their dUtrtbutlon ihrou|;if 
cMil the RMS. In iKa olftictory bullk. iho 
ccUa woro Xotind ditpcrMd tltroti|h «il 
layan. ^«»D, Or^n^ c<^lJi At dltfotfcot 
flita* ((luJle«lcd In the «ap pmn^l}, wCih 
BrdU-Ulrcicd ccUm «howo In fvwrn »nd 
cho NctiN shown In m^, X>oubT«*|Ab«l«<i 

c«iu pfucnt Cn tfa« bul^ 4Upl^y i jw/^tfw 
K^^f (C TrftfMpi«AC cora: e» »iu 

mlgnUng MoaK iha KMS; C X7> caIU (n 
the icnnul« c«ll Ur*tf of Iho oUMtdrx 
bvlb. S««l« Z30 Moi. AC/, in(r«buJlj«c 
portion oC Iho Dntorlor commlMurc: fct, 
f rmnula coU lo/ac. 

c«IU ofCon showed « short leading process, oriented in Uio dlrec* 
tton Of the Kiwis (Plft. Szi^X t&\i-po«it1vc profllei w«tfo ob- 
served <n tha dfccpor Uycni oC tho oirociory bulb, tmd oecAHionuUy 
rneture colls 'with oxtonAlvc procegucx Were found In thl« rcRjoft 
"yTr jfcj HtgH b«ckgrciund £fOm llm Iminunobisioetiomicut 
procedure precluded the idcntU)cation of tHu-po«Uive profila« in 
the perl8lomcrul«T l«^ycr. 
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ctnubt.-t.UcUd c«Ua In hlfth«r m»tnJfl«*lloo- ^« ^ pn>I»ftloo Of Ibo BrdUnxMlllv* Cati^ul <n lb« parltflomAtwlAr Ujrcr^™ aUo TH poaliWc 
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SVZa *utd RMS W«>*fil^nti . 

CJrnft core FAIS Oymmilor Uycr t^Cf JfftOftiqrxiUf tuyzv 
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Th« htppocampua -* 

TrHj\«pUitU of 100,000 cdli wara plac« J wiUdn the hUox rcgjon oC 
iKe daniAia crr^'^ At bbiH 2 «nd 6 w<«ks oftor srufC'^Ct many of 
Clio injected BfdU^pojilivo ceJU rcm&Jftcd u o cluster ju«t below 
tha granule call lay«r (Ffg- 5/1 )• Thli poclllan of tbtf GOU dopO&lc is 
char*cterUttc for cclU ihmi arc impluoccd by pMiivo aojaClIaa InlO 
the dcnl&te iynu, b^taUsC 6f (he presence q c|<7qY«icQ p|«n« 
untiemcMth \hc ^r4^nu1«C<U layer (V/cIU«iC uJ^ 3988). A«(Ba^<^^ 
pro(>urtiv>r\ of the DrdU-poiJUvo calU. how«vcr. h«<i migrated 
wit^in iho Kuhsf'Tiular Uycr of the dentfite I:yx^J» uad into iha 
grunulo cell \nf<T iUclf (Fifi. SJO^), la Ddditton. •ome cells w«ro 
found «c4itcrad In the hUui and the molceular layer of tha dantAto 
^yruA. tt* w<ll fi« In iho ovcrjying CA3 ro£*on. The culcnt of cell 
mt|;fittioil Wait Kimllft^ >( 1 And 6 wtfiskM. Typically. e«lU that h^d 
Tnl|;ra(cd longer dlff(«aGc« from tK« transplant euro were more 
weakly labeled with BrdU, augficieUpg tho^ tb« mltJCt^tvd ceU^ had 
undercono furlhcr cell dWiaioni. 

The HrdU^ftbel^d cell* thM( had tbtc^^atcd m(0 the Knnulnr 
■uid nubcrv^vilar loyer» hod the laine aire and shnpe u« li\< 
tnirituic liO^I i^nuiula calU, ond a lurgg nttrpber oC ibem VXprCMCd 



tbo ncu^oQl Tn«u-)ccrfl Hu (Flfc. M), NcuN (Fifi, 5C), and 
J^tubuUn-IU CFIfi. both time polnu, Tlic eaiblndln mairlccr 

(hal li eiiormctariaiic for the Inirlafltc cmnuto cellJ w«ut eloarly 
prbA^nt (n mMny of tbc fcr ansplantcd cqlZa mi 6 vmolta bu( not at 2 
wookJ after tran«pUntattOA, Oeea*lon<il DrdU/Hu doubts-labeled 
cclta, but no BfdUyNauhf or JlrdU/calbJnd{«t deuble-labcled ccIJi^ 
wora found ouicMe thojiA btynry. A l^^r^Q pro portion nf (fia tranft* 
plantod oelU within tlic cranulo call UyerwOfO Cftiblndln pOllrtvo 
(Fig. S£)^ No Bi^U/CAX)«f doublc<.labclcd cclti were obicrved In 
thc«e tran4planu (Fi|^. SF), SinuJarly, no ceJU that cocKprest^ed 
BrdU and JDAIttr^^2 were obforvod wlililn may rcgloa of the 
hippocanapuf. BrdU-labelod eaU^ OKpTCMlng Iho t^nl roAr)cor 
OPAP Wore found In «reaji outside the dantute gyrurf, both in the 
CA3 area and in area^ cio^e to vcoCrlclc as well as within or close 
to the &ra<c oat-e (see Fig. 9C}. The cjctcnt oC neuronal and ^Uot 
diifoTcntUtJon-of the rranjiplnnccd cells within each region of I he 
hlppOCaxnpui is given In THbU 1. 

Staining with thc hTaU antibody raveaiod aeuttdrcd ajiOnal and 
CtsUuJar profUcj, both within the sr^ft Qorc ftnd In Individual ccIIa 
that hRd mlftfatod awoy IroTO the Initial transplant *ite wiihln the 






-rO wlchln tho S VZa, l«i«>«on the MrUtutn CST) and iKc overlying eorpu..e»lkHUin tfC).^-^ m-grd^WCon »•'«^[^"^' 



J. N«Muu. July 13, tpci*):aooc>-ooo3 (»«7 




O-tttbulJo m C«^.^f«'«^-«<f). -rW- marker wm pmaenC tn m««y o( *Kc Ko4C «o1i« wlihfo tKJi p-ilKw^iy. C Tf n*pl«.t«i «dl« wore foundjjc. te«U 

^liuU m^y^cTSo krS^^^ cell* ^ c5S« poUllv Wilhla th. y«rialame™l.r U^jr, BrdU-^U^ cell* l^^vo y for either 



dOO* J. N*ufO«J^ July 13, 1»B». t«<i-»):Sfi«0-oOO* 




w«# lw<oO wUMn «(ibvT th« tfvr*^ or v«mnO bUdoc oC the iranula coU tayor (CCX-) Id UkC d«ni*iO C^rw.^i C. Oy 2WMk4 nftor iracMplMntdtlon. Mu- 
an^ NguN-t^hJtl'^ 8T^U-I«tictca cdlv w«ni Db«cnr«d at Mmo dUCance frmn tU« tntr «or»i in«4<U9r tn tiia nibpanular l«7«ir and alfQ within (ha ftr*aulo 
c«U Uy«r («ifw^</M«df).^. BnfU-UboJed minipluted odU PO«J\Cy« tor Ih^ tt^wMBal ma^C CHiibulloail (tfrromheo^) Woio found bolh within Itta graft 
ooK antJ In cgUa t^At hbd mlcn)t<»l aionft the tubcfantftar l«ysr. C, At d wwka (b«l not at a>M»ck«) after trmnipUnlatlon. caJbIndIcwpo«it|ve ct^b ••ofo 
Obwrvcd Iv U*« C«U lA>«f (<l''rVrT^i«vdi). r, ti^ GAI3«y-pOtitiTO Jnteimiuroof were clMenfed,7Air«r fthow an indtvlduaX fMubuUn-lIl/UrdU-labcJcd 

cell rn Ihc cluMfir orrnflod cqUj f n iho lubimnuliir layarln O, and two calblodln/BrdU-tftbdcd ecli4 wlihJd Iho doop ptft of tho ftfunUte ccU Uycr./4rrawj 
Indlcitc •Jnplc«l«bckid BidU-pcnlUTfi edit. Scale bar <*h<jM^n Jn^):>l, 150 /juu; C, 73 fan; O-r, 30 CXJ. CA3 rai^oo at hippocampua; iWZ-. 
molccuUr l»ytr: CCC, granule cell l«ytir. 
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grwiujMr Mful cub£niaular cell Imyorn C^ifi. 6/4). A.C 2 vtmICi cha , 
cells appeuroil fairly imniucurc, wldi ■ fow ihein Tau<»pf:ulUva \ 
procoKSM. AC £ wnalcA, cc)U whh ixi6rphc>l^clcal faaCurca of uou* 
roftP with proc<«»c« were obicrvcd (ft?. rt-&.C)» TAU-po«{tivc c*4U 
were aUo soon Ia the hUu« ttnd moleeular Uycr and ftlons If^o 
nccUic tract. 
Tho vtHotum 

Tlio u«n»pl«nu wcro pUced ccntnJIy within tho hc«cl of the 

gr^rtcd ccUi were found as « BrdU-J«bc(cd coll ctuiiter «t the idtc 
of inipl«AC4iiton. M«fty of thft BrdU-Ub^Ud celb. howAvcf, wet^ 

eb««rvatf to hvya ratEntod Into fho •urrtitinciixi^ KokI atriKtUra. 
with O VI »ny p»-«ifcn?lll'"l mroctUjn, Xp a rf^stufc^ pf — l— mm 
from the groll core (Flft. 7A). The «lxc of indivfducd BrdU nuclei 
v«Hod eeiuldcffctly, bot^ wiihiA th« grMt core ikAd In caIU ti;«t 

warn located (a (ho adjaco nt host atria tuta (<0*4 mm from the 
graft core). AU «jC the ceJU th«n h»d Wfir-tcd over kingcr dJi- 
liiaciia Wore of fmall alzo and moro faintly Ubdcd. augseatlas e 
dUutJon of the BrdU Ubcl caiisod by otll diviaion. In aagittAl 
aectloni the OrdU-potltlvo colli cmitd bo acen to be a.U^«d with 
tho ti*tty watlcr. intcnpcrfcd ^iOx xbv f\^m of ^b<> Internal 
capniie. 

Doublc-ataJnlng revealed that tho tnajiidty t>t tho B/dU- 
po&itivo ccU» In tho ^tttt core and Ia the adjacent ho« atdeium 
WCTO double-Uboled for the ourly acuronol naarkcr Hu (Fls. 7£) 
but negative for NeuN (Pig- 7C)- Many IlrdU/Ku doublo-labclod 
coKa occurred alJO at the grafUlxJUt bordar and within tho adjn- 



Figuix H(ppO«aCBpal CranvpUnU aUlncd with th£. 
hTau anttfaody.X, A iran^plant In iha d^niate gyrui 6 
wmJu aftar (ra«fkUAUUoA. S, A CAu^aIiivo eoll with a 
typie^ty lmm4lw^« OCurOdal prefllo with one pHmary 
p/ACoM. C, A mora dUTcirontfKtad t»u«p<Mklwa nvuron 
with mora oomplev pmmgrt, •ItUfticd wltUe the «ub« 
gffanulAr Uy<t i^tfrO^t^h^d InM). Scale bar (ihown in>(): 
150 fun; A C 30 fun. Af£.« Kfotocul«r Uycr; CCL. 
4raAui4 <cj| layer; M hilui. 



cent hoac atrlattim. up to a tfiatanco of —0.^0.4 nun txom the 
graft core. Although tho majaWty o^ the Hu-poJlUve ctflli within 
iho graft core »*^ro am^U In alxe and round or oval in aliape, 
aimllar to Uio Ha-po«JiIvo catti within tbc SVZ o( (hc hoft brMin, 
A vubttantiel proponion of tho BrdU/Hu*pa«itivo calU at tha 
t^tafc^^t border and In the hoat slrJatuxn were .larger In alvc 
(10*15 /^Tp}, i.a., in the tango of Uie Hu*poattive ncuronj ^ichin 
the hoac tLdoTUni, Nona Ot tho Cclli cXproaiodNcuN, Which U also 

the ca«e. however, for most of th£ hoat At^lAial Acuro^. All 
BrdtJ*4abclcd ceUa tocatcd farther away from tho graft core were 
Hu ivegttiro. Thoao eelta were all of amail aixe and oHen fotrnd In 
catdlita p«9eltiona, doiely appo««-d to host ttrlalAl neurona (Fig. 
7C« arrofMr) or doao to blood veaaola, Th« locaifpn and (lA^dg 
pfopetdaa of thc«c vrnal Mixed cella auggeat that they bad dUTcr- 
entiaccd; mt Icaal in pan, into glia. Cotoealication of BrdU end the 
aatfoeyto market O^AF wu unec^ul vocally damanstraied «t Ihe 
gn^ft-hoii border, i-c^ within tho area of GFAP-pcwltlvc tcaetlvc 
aatrocy^ avTTQundlng ^e gr^fX coTC (we Fig. 9Dt Xrtivr). 

The ncuroonJ phcnotypo of tho transplanted cells wqa f urUtar 
iAVeadgAtod valng antibodicff agalaat Ihe OABA««ynthe«i%ing en- 
zyme OADai , which ia pccUcnt in the vaal majodty (>909t> of Uia 

nouront within tho atriatam; DARPP02, wlilch (a a ma/kor for 
iha mAdium-atted apitxy atrlatal prtsJectJon ncuront; and CKlbl- 
ndln, which ia- normaJly prciont 1« ttie medtuTO apiny projoctlnn 
nauron# in the matxlx component of tJie atrJaCvra (for review, aee 
Gorfoa. 1991). 3rdU/GAPcT double^latMled cella were obicrvod 
both In -the tranaplant core and within the hc*t •triblum et tlie 




f-XftM-m ?. Cnnroc«S Imaf ca «C 0rdU-UbcJad and il«vbie4kbcJcd hUU f Cnn»pI«ntod Jn Ih* ttrl«luiiv.X, COfOn^l acctton thmutb Ihc %tmtl 

cure «l 6 wnokA ftri«r f «mo«pI«n uiUon, «howlng * <|«M duller oC «1U At tho lijoctkia sJU luid cdltfnllan of Br<lU4mb«1«d fteU» away ff^m (h« AMft core. 
In Uah B««]r »«K((a m«l<«ri «h«««i ravton In Aac At hUb«r raatnlAcadan, *Im OJuMnced In ^JB* Mft»y ihn lfmfUploat«d a«tj4 worn po«((lv«ily 
»i*an«d vrliK VIu ov^n wj^.(n ibo frmfl ocira (lifrtowAmCrt ^nlarrod In tho Injcf). C No Dnll^/NvuN doabJo-labaied qoIU vwr« fOUnd tn lb a (re A core 

ur mcuony tUu«M iitttl* 4h*| b#d ailtnled (ato Uu KMt »irl«(ucn.^4rraMV fndJoacc trmntpUntod c<Ud Uttt won found Jn ci04« ««»^«lioa w*lli N^iiN-po^Iti^ 
tiQ«i ^urt>««« ('Trf). £>, A. nwnb«r of iTuna^Uq^ad nUi wnre pCMUfira for th« oqztoio QAC« In the pcrtphcry o/ th« A<^t o6ro (orvmKAtftf^). One of llio 
(iMMtilT-Ui»«lcU CQllr li chowo at lUffScr tMnyaU^ttoa In the iruv^. Brdtl/DA.'RV'r-^ dOub(c-labol«d e«U< V^f^ MCulonaJly ab««rvt;d <(*iTvw/i«a<^ and 
'«wr M til ft her tn«^iiiAcA(lon). Th««o wnro fcnct^ty f«ia(ly Ubdcd and fouftd OnJy In tK« imm^UCo vMnlly of lha tmaipj«nt core, SlmUkriy. 
OfdU/C^lhlfldln dnuhla^Utvclo^t ««IU wom /ouod both (a ibo pcHpKcry of the (faft nnd la ad/aMfit rsttofi* of tha luMe «tri«tucti. ^d^lo bar (shown ln>t)£ 
A, .^W Mill; /», tutii £>->r, -2^ pm. 



J. N«iuro*cL. July 1d. 14^9. T9<l'):tfB0{>«009 aOQi 




fl^iO* St/<Al<J t^«64pluU iUlAcd wlUi Ihc hTWu antibody, Stir vmokt afurr tnfupUflUt^rt* coninal ««ec(eti« nsvsAlcd lAU-pcMftlw^ ARuronal proflla 
^rmfi core I Jndivldu*! ccJU wliK acuraoal praflW wvra olM«rvail a24^ lr\ clic hcMt atsittfiun adjacent to the graft (a/mw/i^^/ 



don««lr pMckod wtihia lha ^rmtl core <y<y, JndJvIdu*! cdU wllK acuraoal praflW wvra olM«rvad a24^ |r\ Clic homi mtrimtiua adjacent to the graft (a/mw/«^^/ 
•a^ JB}. Ajtoaal procea<ej> w«ftt *een ao lUKcmd aud ally withJfi t>ha wVic matter btiadtaA oftho (ntfirnal capMiJe f 



sea fUXK A 

periphery of iha trmuppWu (Fig. 7i?). tn ^ddtilon, «oma BrdU- 
Ubckd ccUn expr^tcd ciJblndIn (Fla- 7X^, /««0 -nd oct:a*lon- 
tatly aUo DAnPP-32,Trhc«ii ecJla wcro located ftl the periphery at 
Utc (rnfupJMiU and in th« adjacent host fi/tanixn up to a di«tanco 
of — ram from tbe flraft-hOift Uwder and wera KlmUlur In ' 
«iza AAd shape to thoao present wlihJn the hoJt «crtttium. The 
UrdU/DARPP'32 doublc-labolcd cells *rfcnc only weakly 
DAAPP02 poiirtva but were compAr^titc 1^ sixc to the ho»l 
DAl%.rr<-a2«pasiLlvc n«un>n» QFlg. IE), None of tha trKlUptAntdd 
cells expressed TI-X. either wilhJn the Kruft cqcc or within the itaxi 
Atrtatucn. Tabl« 1 outlines the cxlcnt of expression of naarvnal 
und filial marken at different disUncod from the graft core. 
Siolnlng wltu th« hTi^u «t\tibody fcvofiJcd a ^rafr cor6 t%f filuA- 
positive cells and fibers (Ftc* S^)* «aKi'tUl scc t l nn i. 
toofo buodlc< of CaU«pO«ltivo (ibora wore socn tp leave the gnift 
rare in both the rotCnU «<td MUdaJ dirocUon, along tho white 
muttttr bundles of the Internal capiule. In croaA rfeetlon, thcso 
ftben were found prima^tly within tlie while matter bundles (Fif . 
BB, urrowr). Individual ccllx wcro aiiM obcorvcd MMTIC difUnCC 
Crom the graft core (Flfi. EA^B, amwhcadj)^ Jn there c&icc, iho 
CoU bodlc« Were oHon located within the gray matter, with their 
pfDccsscs prvjceting Into the white macVcr tracts. At 6 weeicSv 
(«u -positive axon* oould bo cr»cod eaxidaUy from the gTA^C COCO 
within the Internal enpautc btuidlas for a dl«lanee of 2 mrn; 
«ame of theiia Aberi were sa^n to «nter thci t'^^^"^ pollMus, and in 
aomc cttscK ccatler«d t"U-pO»i«Kc fibers roold be traced s* fat « 
the catopcdunculteT nucleus. 

DiaCU9SION 

There present rexultJ fhow lh*t the lOn^lexm propugaicd human. 
ncurotfpJtcre oalturcft contalnad proRonltors t*w*c can respond Ui 



vlv^ la cues present In botK neurogenic and non-nouroganle 
regions of the adult mt VrsU. TTic exprculoxi e( phenotyplo 
rsarkerr pii*Ovlded evidence for aUa«specU1c neural Ctlzrcrancimion 
within C«eh of the three Erafted regions. In the olfactory bulb iKa 
ce|l« til at Iniegraled Into tllc granular and perlglomcrulaf Jaycfi 
expressed KcuN, TH, «id GAD^t, <tifz\Jlar to Uic dopacninergk 
and CAJXAJOTglo cvlU nortoaily present In thcrfc ro^ons^ In the 
dentate gyriu some of the celll aasumcd a position. mOrphofogyi 
and plienotype similar to the NcuN/Mlbladln-positive granule 
cclU witMn the granule cell layer. And in the striatum, cells 
located in the periphory of the transplants cxprasaed OAD«^ and 
caiblndin aa well as low tovoU of the strtKtum^poclfla m«rkQr 
DARPP-32. 

A combination of EOF, bl^OF, and 1.1 F was uuod to expand the 
huotan pm|[anitors. It bes boon shown previously that SCF and 
bFOF act ooopera.tiveiy {n promoting tho proiif oration of rat and 
humb.n neural progcniton (Vcscovl et iX** 1993; Weiss et ol., 
195Wa; Svc<Lclaeu at aU, 1997). bPQF appciMT to be «. mito^n ^or 
.bath unipotent and muir&potont neuronal and glial progenitora 
(Murphy ci al,. 1990: Vcucovl ci iJ^ 1993; Ray and Oaao, 1994; 
KUp^trlck and BenlcR, 1995; Fulaer et til., 1995) And mny act 
broadly to tnaintain neural proKonltor cells as ft eonsiitutJvcly 
pTQliferatlng population in viir^ (Fft Inter cc al., 199^. It sccms 
lUcely. thcrcforo, tlifct the comblnadonof gn^wUt factors used here 
Boryod to mainielA both nvltipotent and llnaago^strlcted pro' 
gCAicon (n oorrtlhuous cell cyclo and that the sblllry to rqlgmtc 
sx\d tntDgrate into the aduit host brain was expressed by spedilc 
subaotif C7f Cells: Previous studies suggest that tlie in Wvo properties 
of //I Wfra t<xpanded ncvral progenitors may dUTcr depending on 
tho growth faciora usc4* 3Br^t or moutfc nctiroxplAere cells cx- 



RMP 


1 








• ■, , OB-v 


t 


t 






• f 




A 








B 




DC 


V 








Striatum 




: . ■,; 1 






* 

I 

A 
















C 








D 





Fiiur* p. Gh'/M* w«« uacd 1a iabci KtCrocyt** w<Chln thu frmft arau (nMO ^ tKo «ac«eat of coIooilUxntIoi with BrdO-l«balcd tr«n«plant«<l ccJU 

(xrvcmV^^CflUdwUblA t^A XLMS hi<: VrMk«*Ct«rtimn*^ftat&tlonWMr<ar<&o Ctopcijr uvociaiod wllti OPAT pvofiJc*, «lthouf b nocicMibla«l*beleJ ^elU ^^fc 
^tf*ffv«cl (4/M«»v).^. WtUIn Ut« ftru\bU c«ll Imyr of th« oUkctory feutb, Stf^U-poUU^fo oaU* won^ ia4cfvp«r»«d with, faul not ooJocAiUed with* OXWP 
C. lA ibrt d^AiAt* Ayruft« mUa wJihln tK« tnuupl4Al core «^«^ oeCA4«nWly cIomIjt •MoeJm&ad %iHih OFAlf^pcMidwa cyioplkMnJc ctblf\Jji0. pQ««Jply 

firOU-fVtedlvti. ceil* (rf^<n). Muiy ei««r «M*mple« o< doubtO'l&bAi*4 uiUa w«ro otmirmd ^anunVi— i/j V *J(boMgh tmiBpUu of BcdV ■{nflaJitbtfltfi} ^<t^ 
w«r« *Jka (tv^uanily ofc<wd <«frwM). ItSMM iho^ BrdU/OFA^ doubl«-iaWod wiili AUi^'Unc^tCon. So«lo bar <«hcvwn lo C; 50 f«mt /r, 

Z9 ^\ X)« l^U 



pcitd«0 in Ihc prwn*^ p( ECP nJOna kavc scnoratad only rH^U 

ctlU •ftd no ncuroni mflor tronaplanfarton to the dovoJopin^ r»t 
fATcbtfoih (Winkler At 199B) or odult r»t »pln*I cord (Hato* 
mitng ct ml., 1997), and thoy «ac>iibit poor «urvSYml and integntiOo 
•ncr ir«roplonTodon to the •ul♦^^Am <Sv^n«i*«n ct M., 1996; C 
WtAklci, R. A. Friclccr. A, Ojaridund, iminahh'»hcd obMDCv»MO€U>, 
By roniroAi. odult rat hippowuupal prwpoodon cv(tur»d In Iho 
pfc»encc uf b^CF exhibit both fni^^aUoA dAd tldtirosctiddli dflor 

irart*pl*niftaon In the «duU r«t er»in (0>s<' =^ X995; 5uhoncn 
ct U.. 1996). 

Stt«-dp«ctfic dm^ronUotlon of tho ^mftad c«1loi 
In the SVZ«. %Mhlch U one of the two vitc« wh«co nourosooccli 
contlnucjt Into adulihood in iho mnmiruili^Ti CNS, the endoge- 
nous nouronal protonJfOti hftvd be«n 4hown to mignio kioitg the 



RMS uid remch ttto bulb within 2-15 d aftor the:Ir scnot^tlon In 
the SVZ« CZ-oi* and Aivwrov-BuylU. 1994). Ttl« C«U« AlTA already 
c3oaunU(od to a nouronaJ phonotypa whila In tho ta^nttory pvch* 
fiJtJbicu|^ th«y coatinuo (o divkia during nii(T«tlon (Manczoa et 
aL, 1993). The ealU Bcneratod by SVZa poctnatidly are latemeu* 
rontf, abovv «li OABAarglc and dopamUierKCcl&tcznetu'opji in the 
granular and p«r(gloai«ruiar layoro oftha olfactory bulb (X^uakln, 
1993; Lq{« and Alv«rox-BuyUa, 1994i Botaibet ct al^ 1996). 

Tho bcmjiBptaniad hvpvin neural progenitor cells cxproniod the 
early notironat xnorka^ ]H[u and /^tuWUn^lt dwinfi TTilstatlon to 
the olfactory b.tllb, Indloillng that sotno oC the tran»plantad pro- 
5enit<br* were coeomittod to a n^uroaal fate abxady In th«j SV21, 
■ImiJar to tho opdoconoui nour^nat pT^^enttorit generated In the 
SV2^« (L.oi4 and AlvamisBiiyJla, 1994; Monoro* oc al., 1993). On 
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raaoltliiK bulb. BrclU«po>itivc cells dlxtributad .fn tb« crnntUv 
unci periglomerula/ layawt oAd A^cxprcuted ncurcnml m^rkerfl 
«uch AS Hu Aftd NouN, «■ woJl lOt hXau. 'riiU ia In A^ccxaom wtth 
prcvtouv rcfiuJCf QbtAi/l«d V^kh fttC Of cnOuce SVZti progenitor* 
(Lujkin, 1993; LoU nnd Alvurca^^uyllu, 1994) ftad a recent «tudy 
U«izig Ci*faniplHiitMtlon o£ huroun neural «ccm cetlr (Fiax or aJ„ 
1998)* On*: Lnteresiiflg dtif^fcnrc btiCWAen tho triinspljinced hv- 
tnpfi cclU In (he curront vtudy imd endoffcnoud SVZn progoxu'tocs 
U tlio f imo courM of tnigraiiom few of the tra/if plAtned huAtmn 
protfcnltorj h*d cntorcd the XUAS at Z Nvcekd, mnd m»ny atlU 
rAm&incd dUpcftfod nlOag fh« RMS by 6 wc^ic*. One rciuon for 
Ihtti snuy b« a Dpoolod dilTcfcnuo. TVfeLn^pKaU of liummA prlmnry 
Cclb ^how A mOfc protraeied dnvelop^oet tiiatn rnk-to-rmt grafm, 
wMch sMWi^c^ Uikl ihfi huniAn cdU retain somo <ypu oC interna) 
dcvclopmcncul i;lodc Cox thclf ditfercAiUktJoa ond niAturmion 
(Omxbnn-Frodl ci aJ„ 199^, l^^T)- Indeed. SuJsonen «l oJ. (1996) 
reported thai adult imt neural 'proK<iniu*r« ao/MpioArod to the 
SVZ« In Hdutc rnrj Am dUfirlbuCcd along the crrriro length Of the 
UMS by a week, and by fl wcckB —90% ot the cciU had reached 
ih« bulb. SCruiiarly, l.oI« and Ah/arex-liuylltk (1994) ob»crvcul chat 
SV21a pro&cjsUor*. ImpUnted Into iho adult SV^u, reach Chd bulb 
wirhtn 30 d after crnnnplontatlon. These otM«rvA(Iov>* Indfoaco thac 
tha Alow onset and protroeifid flmc councc of migfutlun ol itm 
hMOAn celU retlc«t Inlrlnalc davcIopmenlAl ooAityitlnM. 

In KJppocaropu* tho troncploiiied ceU« dlctributed along the 
tfubgraaular and fifanulair layers the dentate CV^UM. A.llKoU£b 
CcSld were observed oJao in other Jaycra of the dencatc and the 
CA3 region. CcJU capmilng ncumnal markerj occurred only 
within ihe aubsronular or granuUe layc^J, •u^cjftiog that the 
human prugcnitorj, «(a«llAr io r4t hippocAfnpal and harebell ar 
protcnitorn (OaRc oi al., lOOSi VieuHo-sAbcJon ^tt fcl.. 1995), 
able to rcapond Io local cwct apeciAcully localised in Xhcfc layen. 
The truniiitton xoac bcrwcon ihc fUlu« untl the grai\u]e cell Ifiyor 
is ihc oiio where cndo^cnoiu neuronal progcnlxori arc noravully 
gananiteU (AUman and Duji. 1966: A ft Ai Art imd Bayer. 1990). 
provldini: a «ourcc oi acw granule cells Uiroughout lUe (ICaplKn 
•tnd Hinds, 1977; C^maron ct aJ,, 199^; Kvhtx el aU l99d). An 
judged by morphoJoglcnt criccria. I.e.. size, thupc, and dJctHbuUon 
of llic ecMs. and capreasion bf cIi • re ct eristic neuronal markers, 
0»e gf4»fted progcnUot* are. inouced by Joeal slsnuu to express 
neuronal fcaruroa almiUir to l)io resident (granule CCU4. It rcmaUiri 
to be dcmonsunted, however, to what exrcnt ihcsc newly foracd 
neurons caia undctfiO complete maturation auid ««iablJ«h Appro- 
priate anonikl and dendritic connecHv(«y. 

Colls oraftod to tKo striatum QcnarAto both 
fioupona and Qilo 

Expression oT neuronal marker* In tlio vrriatal tronsplanta Indi- 
cate that A lubvtondui flractlon of ibe ct^^<>d human progenitors 
hMtl dcvctaped toward a neuroniil phcnotypc. Mony of the Hu- 
po^ltlvo cclU within the traruplaftt core small and round or 
VvaJ Jn shepa. simUai* iq t^a nouronat prcvuriOTt normaJly praiont 
In the pnalUerative «ubcp«»dynia in chc^aduU brain. Ttte^c ColU 
d!d not express any of tho mOro tnaCuro neuronal morkars and 
tliercCora may be elac«(Aed 5l poorly dUTercntiatcd ncuronel pre- 
cursors. The GAD*,-, eidblndin-, and DARPP-3Z-po«lriw eclU 
wore exclusively located At tho grafc-host bordor end within tfec 
Adjocont hont ftrlanim, up to a distenca o<->-0.9-Q/t mm* The nze 
and shupc of these ccdla wore sixnUar tO the mcdium-allcd neurons 
of the bo*t ctrlntTim. Many of tKeac arc CABAcr^tic and »(ain 
pu^ttNcty for CaDa-,; ono aubulssA, the iftri«laJ proJocUon neu- 
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yonv i< further cbtu-vcrer laced by the oicprcyslon of catbtndin 
nnd/or DARPP-S-Z. 

The«e data Indlcnte ttvni tho human neutAl progOAltorri con 
undergo necirOf^QCHi:! aUO In tho itie normitlly non-aeuro|cenic 
eavironixiont of (he adult atriacucn and aa^me nouconaJ phcno* 
type(s) aiu^iior to those portwoUy prciient here but that in the 
abMnce of oultablo pubsiratct for notation they retnaln clorfc to 
the itnpUnLAtion site. Ifttoroatinsly, In icetlona aCAtned with the 
liTau antibody rooic of these newly formed neuroni woro iiaen to 
extend long ajron-IUce pcocetfiQi that could be traced along the 
fueiclo^ of the (ntcxnal capaule to Uie globua palUdu* Mtd lA tfOmc 
eoMos alio tbo cntopodunculur nuelaua, a dlvtanee of •*-2 mm* 

The cells thAt ralgratcd over longer disrancaa wUhin the adult 
striatum were al] Hu negative and of amnll ilze. Many of thein 
Were found la pi^tcUlta poaldon to the fnedlum*«ixed hoat arriACal 
neurons or elosc to blood veAvela, auggAPtlag that Chcy had as- 
•umed a 0Ual4ike phenotypo (Fig, 9). A rait^ratory capacity of 
immature gllA Cat filial procurvoiv) within the adult CNS has been 
reported for both oAtrocyCoa and ollgodendrocycos by several 
irweadgafora (niakcmofc anO Franklin* 1991). Hsctemiive astro- 
Cytc migration wxthbv the adgU ItrlAtUmi ainxilar in extent to Iho 
one ob«efvod here, haa previouily bocit de'crlbed I a t^amcpiMnUi 
of hutnon ttsUranal prOgeniCOri (Svcndscn ct al.. 1997) and i^My 
dUaociAted human embryonic Btriatal ojid dIortcephqUc dwue 
(Pimdt aU 199S). In thoaa cooci tho caigt«Cory cella appear to 
bo ^lioi prceunora in a proliferative, migratory <xagc oC th^lr 
development. ConsUtent wtih thin, we observed that eella loearcd 
At progrecaivcly greater dltftivneca £rom the transplant core liud 
k»wcr (^cls of BrdU labeling than the eoUa that romali^cd ax tho 
ImplontAtioti »Uc, f uggeittint^ that lha m/gfatiiis CelU eoniinucd to 
divide «LS iKey dlapcta^d within the hosi atr«ats4 pa renchy xna, 

Impllccrtiona for btttlrt nepolr 

TJie human nour^pharo culcuccj ATo part feu lor ly au It able for 
trantcplantnllon In that they can be harVCitcd and Implunlcd 
without diMOCi*tiOA And detachment from a culture sgbcunte. 
Tho cultures used here had been expanded Up to 10 tru'l lion-fold, 
which moani that each crandplnnt of 100«000 -200,000 Cells In 
tltcory could be derived frpm a vlngle cell In the orl^lnAl Cell 
preporadon. Bccauac tho in ^l¥0 propartioi of the celU wore 
indiatioguishabte ovor a wide range of pamaagea (from 9 to ai), the 
prosent culture system could provide un almost uelirttlicd source 
of human nciurat progenitor collt for transplantation* 

Tho preseot results ahow that aubpopuKtlotu of cella contained 
w{thJn tho human neurospltofo eulturaa CAD rofpond appropri- 
ately to Opedfle oxeraCcllular' cues preaant |n each Qf the four 
toigec rcgionx In the Adult rat br olo. Bocnuso ihe human neuro- 
aphotv culturca are likely to contain a mixture of mullipOlcBl and 
Knoag«*r«»trScted progcttltoro, the opedfio mlgratot^ puttomO 
tccn in tho dl^erenl locationx may be explained either by the 
ability of an undlHorontlatod a(em cell-like cell to diffcTcntUie 
along atiernaiWo neuronal or glial pathways in response to dlverao 
local cues, or oltemattvoty. by the pfedenCe of ddferent tubpopu- 
Utlons of Ixneage-rostTtcted neuronal or glial prccunor? that were 
aitcady cocnmitted to tpoeiile neuronal or glial facet. The prosont 
data seem eoxspAtlblo with bo^h ahcrnatlvei. 

In eOrtCliutotit the long^erm propagated human nev™* prog'fn-* 
iton described hero domOtUC/ato a rematkUible capacity for m(« 
gradoo. integration, and »ite-s pedilc dUTerentl&tlOrt in the «duU 
brain. The growth factor combination used hero acted to maln- 
tam the progonltors as a constliutlvcty prplUerating cell pupulu- 
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liun withouC losing ibcir CJipucity to respond to ihoao cxtrnoclJular 
<ucA AOenlblly prcBcnl an Iho Adcxlt CtvfS. With further rcAncmcnt 
q( Uic pT9ccdur<. e.g.. by AppKCAtion of Celt cxu-*cbcDcnt «aid cell 
•ortlnK tcchniqucA, UvJ9 wttvrc «y3Um IDfty provlda an aJmo»t 
unli tolled kjotco or hum an ne\tral pro^cniion %t diffcCcAC Bta^c* oC 
UifcrcnCUtioo «nd tinc««a rcairlction, ^uch ccllft wLU of grGu( 
uitcT«<t ^9Ui «i( MM «xp«nm«<i(al lool and uj on aJ(cm«itlvc co 
primary embryotUe brain tissue Cor <nu'B» rv^bral tr&A^JaatAeiuxV. 
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OFFICE ACTION SUMMARY 



□ Responsive to communicatlon(s) filed on 

□ This action Is FINAL 

□ Since this application is in condition for allowance except for formal matters, prosecution as to the merits ts closed In 
accordance with the practice under Br parte Quayle, 1935 D.C. 11; 453 O.G. 213. 

A shortened statutory period for response to this action is set to expire^ 



. ^mQnlb( fi), otthlrty daysT) 

whichever Is longer, from the mailing date of this communication. Failure to respond within the period for respo nse Wi ll ca use 
the application to become abandoned, (35 U.S.C. § 133). Extensions of time may be obtained under the provisions of 37 CFR 
1.136(a). 



Disposition of Claims 

vP Claim(s) 



Of the above, ciaim(s) 

□ Claim(s) 

□ Clalm(s) 

□ Clalm(s) 

^ Claims 



is/are pending In the application. 

. is/are withdrawn from consideration. 

Is/are allowed. 

Is/are rejected. 
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. ts/are objected to. 



. are subject to restriction or election requirement. 



Application Papers 

□ See the attached Notice of Draftsperson's Patent Drawing Review, PTO-948. 

□ The drawing(s) filed on _ js/are objected to by the Examiner. 

□ The proposed drawing correction, filed on: ] is □ approved □ disapproved. 

□ The specification is objected to by the Examiner. 

□ The oath or declaration Is objected to by the Examiner. 
Priority under 35 U.S.C. § 119 

□ Acknowledgement Is made of a claim for foreign priority under 35 U.S.C. § 1l9(a)-(d). 

□ All □ Some* □ None of the CERTIFIED copies of the priority documents have been 

□ received. 

□ received in Application No. (Series Code/Serial Number) 



□ received In this national stage application from the International Bureau (POT Rule 17.2(a)), 
•Certified copies not received: 



□ Acknowledgement is made of a claim for domestic priority under 35 U.S.C. § 1 19(e). 
Attachment(s) 

□ Notice of Reference Cited, PTO-892 

□ Information Disclosure Statement(s), PTO-1449. Paper No(s). 

□ Interview Summary, PTO-413 

□ Notice of Draftsperson's Patent Drawing Review. PTO-948 
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Restriction to one of the following inventions is required under 
35 U.S.C. § 121: 

I. Claims 1-8, drawn to a method for the in vitro 
proliferation of a multipotent neural stem cell comprising the 
steps of obtaining the neural tissue, dissociating the neural 
tissue, culturing the neural tissue and passaging the neural stem 
cell progeny, and the cell culture obtained by the method, 
classified in Class 435, subclass 240.2, for example. 

II. Claims 9-15, drawn to a method of producing a cell 
culture comprising non-tumorigenic, genetically modified neural 
cells and the cell culture produced, classified in Class 435, 
subclass 172.3, and Class 435, subclass 240.2, for example. 

III. Claims 16-18, drawn to a method of remyelinating a 
neuron comprising dissociating neural tissue, exposing the 
dissociated cells to growth factors, harvesting neural stem cell 
progeny and causing the neural stem cell progeny to come into 
contact with a demyelinated axon to effect remyelination, 
classified in Class 424, subclass 93.1, for example. 

IV. Claim 19, drawn to a method for the in vivo 
proliferation of a precursor cell . located in the CNS comprising 
administering at least one proliferation inducing growth factor 
to the CNS tissue, classified in Class 514, subclass 2, for 
example . 

V. Claims 20-21, drawn to a method for the in vivo genetic 
modification of a CNS precursor cell located in tissue lining a 
CNS ventricle comprising administering genetic iaaterial, 
classified in Class 514, subclass 44, for example. 

VI. Claims 22-25, drawn to a method of treating a 
neurological disorder comprising administering a composition 
comprising a proliferation inducing growth factor, classified in 
Class 514, subclass 2, for example. 
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VII. Claims 26-27, drawn to a method of transplanting neural 
stem cell progeny, classified in Class 424, sxibclass 93.1, for 
example. 

VIII. Claims 28-30, drawn to a method for determining the 
effect of at least one biological agent on the differentiation of 
neural cells, classified in Class 435, subclass 7.1, for example. 

IX. Claim 31, drawn to a cDNA library, classified in Class 
536, subclass 23.1, for example. 

The inventions are distinct, each from the other because of 
the following reasons: 

Invention I is independent and distinct from Inventions II-IX 
since the method of I is drawn to in vitro culture of neural stem 
cells and does not require the genetic modification of the cells 
as does Invention II. Invention III is independent from all of 
the listed inventions since III requires contacting the neural 
stem cell progeny with a demyelinated axon and therefore the 
method requires different procedures and different compositions 
than does either of Inventions I or II. Invention IV is drawn to 
a method for the in vivo proliferation of a precursor cell and 
therefore requires different protocols and starting materials 
than does any of Inventions I-III. Invention V is independent and 
distinct from Inventions I-IV since V requires the in vivo 
genetic modification of the cells in situ and therefore requires 
different starting materials not required by any of Inventions I- 
IV. Invention VI is independent and distinct from any of 
Inventions I-V since VI requires the in vivo use of a 
proliferating inducing factor, usually a protein, and therefore 
the starting materials and protocols are different than in any of 
Inventions I-V. Invention VII is independent and distinct from 
any of Inventions I-VI since VII requires the transplantation of 
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cells and therefore requires use of different protocols than does 
any of inventions I-VI. Invention VIII is independent and 
distinct from any of Inventions I-VIII since VIII is a method 
drawn to determining the effect of biological agents and 
therefore use different procedures and starting materials and end 
points than does any of Inventions I-VII. Invention IX is 
independent and distinct from any of Inventions I-VIII since IX 
is a product not used in any of the above methods. Each of 
Inventions I-IX has separate search requirements not overlapping 
other Inventions, 

Because these inventions are distinct for the reasons given above 
and have acquired a separate status in the art as evidenced by 
their different classification, divergent subject matter and 
separate search requirements, restriction for examination 
purposes as indicated is proper. 

Applicant is advised that. the response to this requirement to be 
complete must include an election, of the invention to be examined 
even though the requirement be traversed. 

Applicant is reminded that upon the cancellation of claims to a 
non-elected invention, the inventorship must be amended in 
compliance with 37 C.F.R. § 1.48(b) if one or more of the 
currently named inventors is no longer an inventor of at least 
one claim remaining in the application. Any amendment of 
inventorship must be accompanied by a diligently-filled petition 
under 37 C.F.R. § 1.48(b) and by the fee required under 37 C.F.R. 
§ 1.17 (h) . 



Serial Number: 08/483,817 
Art Unit: 1804 



-5- 



Papers related to this application may be submitted to Group 1800 
by facsimile transmission. Papers should be faxed to Group 1800 
via the PTO FAX center located in Crystal Mall 1. The faxing of 
such papers must conform with the notice published in the 
Official Gazette, 1096 OG (30 November 15, 1989) . The CMl Fax 
Center number is (703) 308-4227. 



Any inquiry concerning this communication or earlier 
communications from the examiner should be directed to Examiner 
Suzanne Ziska, Ph.D., whose telephone number is (703)308-1217. In 
the event the examiner is not available, the examiner's 
supervisor, Ms. Jacqueline Stone, may be contacted at ohone 
number (703) 308-3153. 
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^^Thls application has been examined D Responsive to communication filed on CH ' This action is made final. 

for- e^^^^L^'^^ p^/p»S->4 

A Shortened statutory period for response to this actiori Is set to expire *u^-^ jC> days from the date of this letter. 

Failure to respond within the period for response will cause the application to become abandoned. 35 U.S.C. 133 

Part I THE FOLLOWINQ ATTACKMENT(S) ARE PART OF THIS ACTION: 

1. n Notice of References Cited by Examiner, PTO-892. 2. [D Notice of Draftsman's Patent Drawing Review, PTO-948. 

3. n Notice of Art Cited by Applicant, PTO-1449. 4. C] Notice of Informal Patent Application. PTO-1 52. 

Information on How to Effect Drawing Changes, PTO-1 474. 6. D . 

Part II SUMMARY OF ACTION 

1.%] Claim s r* 3/ ^ 



_ are pending In the application. 



Of the above, cialms are withdrawn from consideration. 

2. n Clalnra have t)een cancelled. 

Claims ,. , ,. are allowed. 

Claims ^ are rejected. 

5. n Claims are objected to. 

Claims I " 3 ) subject to restriction or election requirement. 

7. n This application has t»en filed with Informal drawings under 37 C.F.R. 1 .85 which are acceptable for examination purposes. 

8. n Fomnal drawings are required in response to this Office action. 

The conected or sut)stitute drawings have been received on . Under 37 C.F.R. 1 ,84 these drawings 

are Q acceptable; D not acceptable (see explanation or Nojice of Draftsman's Patent Drawing Review, PTO-948). 

10. n The proposed additional or sutjstitute sheet(s) of drawings, filed on . has (have) t)een □ approved by the 

examiner; □ disapproved by the examiner (see explanation). 

11 . n The proposed drawing correction, filed , has been □ approved; □ disapproved (see explanation). 

12. 0 Acknowledgement Is made of the daim for priority under 35 U.S.C. 1 1 9. The certified copy has □ been received □ not been received 
□ been filed In parent application, serial no. ; filed on 

13. n Since this application apppears to be in condition tor allowance except for fonnal matters,* prosecution as to the merits Is closed in 

accordance with the practice under Ex parte Quayle. 1 935 CD. 1 1 ; 453 O.G. 21 31 . -"- ' ' 

14. □ Other ^ 



la Vil fa^i O 
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Part III DETAILED ACTION 

Elect! on/Res trl ctxon 

1. Restriction to one of the following inventions' is required 
under 35 U.S.C. 121: 

Group I. Claims 1-8, drawn to a method for the in vitro 
proliferation of a multipotent neural stem cell comprising- the 
steps of obtaining the neural tissue/ dissociating the neural 
tissue, culturing the neural tissue, and passaging the neural 
stem cell progeny, and the cell culture obtained by the method , 
classified in Class 435, subclass 240.2, for example. 

Group II. Claims 9-15, drawn to a method of producing a 
cell culture comprising non-tumorgenic, genetically modified 
neural stem cells and the cell culture produced, classified in 
Class 435, subclass 172.3, and class 435, subclass 240.2, for 
example. 

Group III. Claims 16-18, drawn to a method of remyelinating 
a neuron comprising dissociating neural tissue, exposing 
dissociated neural tissue to growth factors, harvesting the 
neural stem cell progeny and causing the neural stem cell progeny 
to come into contact with a demyelinated axon to effect 
remyelination as classified in Class 424, subclass 93.1, for 
example. 



r 
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Group IV. Claim 19, drawn to a method for the in vivo 
proliferation of a precursor cell located in the CNS comprising 
administering at least one proliferation inducing growth factor 
two the CNS tissue, classified in Class 514, subclass 2 for 
example. 

Group V. Claims 20-21, drawn to the method for the in vivo 
genetic modification of a CNS precursor cell located on tissue 
lining a CNS ventricle comprising administering genetic material 
and at least one proliferation inducing growth factor to said 
ventricle, classified in Class 514, subclass 44, for example. 

Group VI. Claims 22-25, drawn to a method of treating a 
neurological disorder comprising administering a composition 
comprising a proliferation inducing growth factor and genetic 
material^ classified in Class 514, subclass 2 and Class 514, 
subclass 44, for example. 

Group VII. Claims 26-27, drawn to method of transplanting 
neural stem cell progeny, classified in Class 424, subclass 93.1, 
for example. 

Group VIII. Claims 28-30, drawn to a method for determining 
the effect of at least one biological agent on. the 
differentiation of neural cells, classified in Class 435, 
subclass -7.1, for example. 

Group IX. Claim 31, drawn to a cDNA library, classified in 
Class 536, subclass 23.1, for example. 
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The inventions are distinct, each from the other because of 
the following reasons: 

Invention I is independent and distinct from Inventions II-IX 
since the method of I is drawn to in vitro culture of neural stem 
cells and does not require the genetic modification of the- cells 
as does invention II. Invention III is independent from all of 
the listed inventions since III requires contacting the neural 
stem cell progeny with a demyelinated axon and therefore the 
method requires different procedures and different compositions 
than does either of Inventions I or II. Invention IV is drawn to 
a method for the in vivo proliferation of a precursor cell and 
therefore requires different protocols and starting materials 
than does any of Inventions I-III. Invention V is independent 
and distinct from Inventions I-IV since V requires the in vivo 
genetic modification of the cells in situ and therefore requires 
different starting materials not required by any Inventions I-IV. 
Invention VI is independent and distinct from Inventions I-V 
since VI requires the in vivo use of a proliferating inducing 
factor, usually a protein, and or use of genetic material, to 
treat a. neurological disorder and therefore the starting 
materials and protocols are different than in any of Inventions 
I-III; and the combination therapy involves materially different 
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considerations of administration, versus Inventions IV and V. 
Invention VII is independent and distinct from any of Inventions 
I-VI since VII requires the transplantation of cells and 
therefore requires use of different protocols than does any of 
Inventions I-VI, Invention VIII is independent and distinct from 
any of Inventions I-VII since VIII is a method drawn to 
determining the effect of biological agents and therefore use 
different procedures and starting materials and has different end 
points than does any of Inventions I-VII. Invention IX is 
independent and distinct from any inventions I-VI I I since IX is a 
product not used in any of the above methods. Each of Inventions 
I-IX has separate search requirements which are not coextensive 
to each of the other Inventions. 

Because these inventions are distinct for the reasons given above 
and have acquired a separate status in the art as evidence by 
their different classification, divergent subject matter and 
separate search requirements, restriction for examination 
purposes as indicated is proper. 

Applicant is advised that the response to this requirement 
to be^ complete must include an election of the invention to be 
examined even though the requirement be traversed. 
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Applicant is reminded that upon the cancellation of claims 
to a non-elected invention, the inventorship must be amended in 
compliance with 37 C.F.R. § 1.48(b) if one or more of the 
currently named inventors is no longer an inventor of at least 
one claim remaining in the application. Any amendment of 
inventorship must be accompanied by a diligently-filed petition 
under 37 C.F.R. § 1.48(b) and by the fee required under 37:c.F.R. 
§ 1.17 (h) . 

Papers related to this application may be submitted to Group 1800 
by facsimile .transmission. Papers should be faxed to Group 1800 
via the PTO FAX center located in Crystal Mall 1. The faxing of 
such papers must conform with the notice published on the 
Official Gazette, 1096 OG (30 November 15, 1989). The CMl Fax 
Center Number is (703) 308-0294. 

Any inquiry concerning this communication or earlier 
communications from the examiner should be directed to Ernest 
Jones whose telephone number is (703) 305-7018. -In the event 
that the examiner is not available, the examiner's supervisor, 
Ms. Jacqueline Stone, may be contacted at (703) 308-3153. 

Any inquiry of a general nature or relating to the status of 
this application should be directed to the Group receptionist 
whose telephone number is (703) 305-0196, f 



JACQUELINE M. STONE 
iUPEFWISORY PATENT EXAMWI 

GROUP 1800 




